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ABSTRACT

Zeolites employ the principle of surface adsorption of toxic heavy metals in remediation of
polluted water. However, at nanoscale, they tend to aggregate which reduces their effectiveness in
adsorption. Incorporating suitable polymers like cellulose into their crystal lattice can improve
their adsorption capacity by reducing the aggregation effect. The general objective of this study is
to assess the capacity of fabricated cellulose-zeolite nanocomposites to remove lead and cadmium
ions from spiked water samples. The composites were synthesized through melt blending and
solution mixing. After mixing and annealing at 160°C, a composite lump was obtained which was
pulverized to 150pum mesh-size. Scanning Electron Microscopy, Energy Dispersive X-Ray
Spectroscopy, Fourrier Transform Infrared Spectroscopy and Powder X-Ray Diffraction
Crystallography were used to assess the morphology, elemental composition, bonding and
crystallinity of the nanocomposites respectively. Fourrier Transform Infrared Spectroscopy
showed evidence of bonding between the residual silanol groups of the zeolite and hydroxyl groups
of the cellulose chain. Scanning Electron Microscopy showed that porosity in the nanocomposites
increased with increase in the zeolite loading. Powder X-Ray Diffraction Spectroscopy showed a
highly crystalline spectrum for the pristine zeolite. However the zeolite peaks reduced with the
increase in the ratio of cellulose. Also, with nanocomposite formation, there was a reduction of the
2 theta values to lower angles due to intercalation and an increase in the d-spacing. Cadmium and
lead metal solutions were used to assess the viability of the composites in water remediation. It
was noted that a maximum of 98.87% of Lead ions were adsorbed using 20% zeolite
nanocomposite while 85.30% of Cadmium ions were adsorbed using 40% zeolite nanocomposites.
The time-dependent adsorption experiments for both heavy metals in solution favoured a pseudo
second order kinetic model. Contact time experiments were conducted for 5, 10, 20, 40 and 75
minutes. Lead ion uptake took place at an optimum pH range of 7. Maximum cadmium removal
took place at a pH of 10 because of precipitation of its metal hydroxide. Thermodynamic
parameters were determined for both metal ions over 298, 323 and 343K. The enthalpy of
adsorption (AHags) for Lead and Cadmium ions was 37.87kJ mol™ and 41.43kJ mol™, respectively.
The adsorption entropic parameters (ASags) for both Lead and Cadmium were 150.65Jmol K
and 142.40Jmol*K™?, respectively. Regeneration studies for repeated adsorption by the
nanocomposites were also carried out. Lead adsorption reduced from 91.47% for the first
adsorption to 46.67% for the second adsorption while Cadmium adsorption reduced from 67.70%
to 35.50%. The Langmuir Isotherm showed the best fit for both metals with R? values of 0.985



and 0.996 for Lead and Cadmium ions respectively. The zeolite-cellulose acetate nanocomposites
can be applied in metal removal from water and could be up-scaled and commercialized into

membrane or granular based domestic water purification platforms.
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ABBREVIATIONS AND ACRONYMS

AAS : Atomic Absorption Spectrophotometer

Acs: Adsorbate cross- sectional area

AgNPs: Silver Nanoparticles

Ar: Tempkin Isotherm Equilibrium Binding Constant (L/mg)
BET: Brunnauer Emmett Teller

br: Tempkin Isotherm constant

CA: Cellulose Acetate

CAJZ: Cellulose Acetate/ Zeolite nanocomposite

Ce: Amount of adsorbate in solution at equilibrium (mg/L)
C. N. T: Carbon Nanotubes

Do: Fick’s law temperature independent pre-exponent (m?/s)
D: Fick’s law diffusion coefficient (m?/s)

DSC: Differential Scanning Colorimetry
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E: Dubinin- Radushkevich Isotherm mean free energy of adsorption (kJ mol™)
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FTIR: Fourrier Transform Infrared

AG?®: Standard Gibbs Energy

AH°: Standard Enthalpy Change

IARC: International Agency for Research on Cancer

1Q: Intelligence Quotient

11



IR: Infrared

IUPAC: International Union of Pure and Applied Chemists
Kq: Adsorption equilibrium coefficient (L/g)

Kr: Freundlich Isotherm constant

Krn: Flory- Huggins Isotherm Equilibrium constant

Kv: Langmuir Isotherm constant

mV: millivolt

nrn: Flory- Huggins Isotherm model exponent

N: Avogadro’s number (6.023* 10%)

OSPAR: Oslo/ Paris Agreement

Pb?*: Lead ions

PLSN: Polymer Layered Silicate Nanocomposite

P/Po: BET relative partial pressure of gas

Qu: Fick’s law activation energy for diffusion (J mol™)

ge: Amount of adsorbate on the adsorbate at equilibrium (mg/g)
gt: Amount of ions adsorbed at equilibrium time t

R: Universal Gas Constant (8.314 J/mol.K)

r: Lennard Jones distance between particles

rm: Lennard Jones distance between particles at which there is minimum potential
AS°: Standard Entropy Change

SEM: Scanning Electron Microscope

St: BET total surface area of the adsorbent
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t: equilibrium time

TGA: Thermo-gravimetric Analysis

UNEP: United Nations Environment Programme
USEPA: United States Environment Protection Agency
UV: Ultra- Violet

Vw3: Lennard Jones Potential

Vm: Langmuir Maximum monolayer coverage capacity
WHO: World Health Organization

Wh: Weight of the monolayer of the adsorbate

XRD: X- Ray Diffraction
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CHAPTER 1
INTRODUCTION

1.1 Background Information

Water, being a finite resource, covers 70% of the earth’s surface. However, only 3% of the global
water reserves are fresh (Guto, 2012). Water scarcity due to lack of fresh water resources can be
depicted by Kenya’s fresh water supply dilemma which stands at 647 cm?® per person compared to
the global benchmark of 1000 cm? per person. It is further expected to drop to 235 cm?® by the year
2025 (WHO, 2008a). Some of the contributing factors to water scarcity include altered weather
patterns, over use of water, water pollution and population pressure (www.worldwildlife.org,
2013).

Heavy metals as pollutants contribute to a growing list of environmental (Callender, 2004; Roy,
2010) and health (Musarrat et al., 2011; Prabhakar et al., 2012) problems together with other water
pollutants such as drugs, cosmetics, pesticides, industrial chemicals etc. Human activities such as
coal production & usage, metal smelters, fertilizer usage, pesticide usage, waste incinerators,
mining and urban run-offs contribute significantly to global heavy metal pollution of water
resources (Friedman et al., 1993; Lindqvist, 1995; Nagajyoti et al., 2010). Toxic heavy metals,
being bio-accumulants, are non-biodegradable in nature. Their discharge into fresh water bodies
therefore poses a serious pollution problem which drastically compromises water quality (Ogoyi
et al., 2011). Their presence in drinking water even in extremely small concentrations could lead
to their bio-accumulation through food chains. Lead ions may lead to health effects such as poor
child mental development while cadmium ions may lead to kidney damage and cancer (Roberts,
1999; WHO, 2011).

Even though heavy metal removal could be done using metallic hydroxide treatment (Doye &
Duchesne, 2003; Moreno et al., 2001), low reaction rates and formation of large amounts of waste
materials (Lottermoser, 2003; Ziemkiewicz et al., 2003) make this method very costly and
environmentally hostile. Zeolites, being available adsorbents are increasingly emerging as
materials of choice in specifically targeting aqueous heavy metals because of their unique
adsorption and ion-exchange properties (Colella, 1999).
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1.2 Statement of the problem

Toxic heavy metal pollutants such as cadmium, mercury, lead, chromium (VI) and metalloid
arsenic contribute to increased water scarcity (Lopez, 2009). In the past, various heavy metal
adsorbents such as chitosan, zeolites, clay and fly-ash have been used. However, zeolites have
generated increased interests due to the high ion exchange capabilities and their affinity for
divalent adsorbates such as lead and cadmium (Babel & Kurniawan, 2003). At nano-scale, zeolites
are even more effective in heavy metal adsorption due to their large surface areas and sizes
improving access to their micro-channels. However, employment of nanoscale zeolites in
adsorption may lead to particle aggregation due to low surface charges or zeta potential when
subjected to different electrolytic conditions (Obare & Meyer, 2004; Curkovic et al., 1996;
Mthombo et al., 2011). Fabrication of nano- optimized zeolites therefore presents an opportunity
for employing zeolites for water remediation purposes.

1.3 Objectives of the study

1.3.1 General Objective

To assess the potential of fabricated cellulose-zeolite nanocomposites in the targeted sorption of
Pb (1) & Cd (I1) from water samples.

1.3.2 Specific objectives

i. To fabricate cellulose acetate/ zeolite nanocomposites using a combination of solution and melt
blending methods.

ii. To characterize the nanocomposites using FTIR, XRD, SEM & EDX methods to elucidate the
material bonding, crystallinity and surface morphology.

iii. To apply cellulose acetate/ zeolite nanocomposites in the removal of Lead & Cadmium from
synthetic water samples.

iv. To investigate the regeneration and recyclability of the nanocomposites.

1.4 Justification of the study

Since water pollution is an increasing concern in many nations, advances in research has led to
development of environmentally friendly methods of water purification such as usage of silver
nanoparticles (AgNPs), dendrimers, graphene, carbon nano-tubes (CNTs), metal oxide
nanoparticles (TiO2 & ZnO), zero-valent Iron (FeP), bentonites, clays and zeolites due to the
superior cation exchange (Xiaolei et al, 2013; Savage & Diallo, 2005). Even though substantial

research has been done in the field of polymer- based composites, few researches have been carried
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out using zeolites as the filler material (Pehlivan et al., 2005). Incorporating a suitable polymer
such as cellulose into the zeolite matrix would result into a composite material with remarkably
improved physico-chemical properties (Mthombo et al., 2011, 2009; Mishra, 2013) capable of
being employed in more efficient adsorption studies.

1.5 Significance of the study

Polymer- silicate nanocomposites are a unique breed of organic-inorganic materials due to their
employment in various applications such as cosmetics, toxic gas adsorbents, drug delivery vehicles
and wastewater effluent treatment (Patel et al., 2006). These nanocomposites could be synthesized
by adjusting the interaction enthalpies of the constituent components using heat or solvents
(Fischer, 2003). Since nanocomposites have a larger accessible surface area and a high affinity for
aqueous heavy metals, their usage in adsorption processes (Mishra, 2015). In this study, Zeolite/
Cellulose Acetate nanocomposites were fabricated through a combination of solution and melt
blending methods and were assessed for their adsorption capacity for heavy metals from synthetic

water samples for application in water treatment and purification.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Water free from environmental pollutants and pathogens is important to human health (Savage &
Diallo, 2005). Introduction of impurities in water resources through point and non-point sources
is referred to as water pollution. These impurities include nitrates, phosphorus, pathogens, arsenic
and selected heavy metals (www.epa.gov).

Several water treatment methods are employed in purification of drinking water: chemical
flocculants such as aluminum sulfate could be used in the removal of suspended solids such as
clay, silt, food wastes and fecal matter which contribute to water turbidity (Edzwald, 2011); ion
exchange resins could be used for the removal of ions such as calcium and magnesium in the
process of water softening (Zagorodni, 2007); also adsorbents such as zeolites, bentonites and
various clays could be employed heavy metal pollution remediation through ion exchange
mechanisms.

Zeolites are naturally formed through alternation of volcanic rocks with water (Almaraz et al.,
2003). Several types of naturally occurring zeolites exists which include analcime, chabazite,
clinoptilolite, erionite, faujasite, heulandite, laumontite, mordenite, and phillipsite (Hay &
Sheppard, 2001). Zeolites can also be derived from agricultural wastes such as rice husk ash
(Prasetyoko et al., 2006). Today, both natural and synthetic zeolites (A-type, X-type and Y-type)
are used in industry for water purification, gas separations, as catalysts, detergents as well as in
nuclear processing (Abd-el Rahman et al., 2006). They possess cation- exchange ability due to
net local charges on their crystalline surfaces generated by isomorphic substitution of Si** ions

with AI¥* ions (Figure 2.1) which are counter-balanced by metal cations such as Na*, Ca?* and K*

Negative
Charge
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o~
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Figure 2.1: Tetrahedral structure of zeolites (Burcin et al., 2013)
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A specific number of water molecules co-ordinate to these metallic cations interacting weakly with
the lattice (Theng, 1974; Rozic et al., 2000). Because their effectiveness is surface- dependent,
nano-scaled zeolites have greater ion- exchange potency than those at micro or macro scale
because of a higher surface area to volume ratio (Curkovic et al., 2006). Nano-materials are
materials with a measurement of less than 100nm in at least one dimension which can be exploited
for applications in water treatment (Xiaolei et al., 2013). Many nanomaterials are subjects of
research to determine their effectiveness in water treatment applications because their high surface
area to volume ratio increases their reactivity, contact and adsorption of pollutants (Cloete, 2010;
Karn et al., 2009; Xiaolei et al., 2013). Nanomaterials can also include nanocomposites which are
formed by blending of two or more materials with differing physico-chemical properties with
distinguishable interfaces at nanoscale (Mishra, 2015). In polymer-layered silicate
nanocomposites, the inorganic and organic phases are separated at nanoscale. These nanomaterials
have unique properties not possessed by their individual parent materials at macro or micro scale
(Mishra, 2015; Okada et al., 1990; Gianellis, 1996; Gianellis et al., 1999; le Baron et al., 1999;
Vaia et al., 1999; Biswas & Sinha, 2001). The zeolite nano- pore structure can be characterized
into either macro-pores which have a dimension of 500A (50nm), meso-pores having a dimension
between 20- 500 A (2-50nm) and micro-pores with a dimension of upto 20 A (2nm) (Viswanadham
et al., 2009).

2.2 Water Pollution

Water pollution is a human or naturally induced phenomenon that alters the physico-chemical or
biological nature of water resulting into health problems for ecosystem (Carr and Neary 2008;
UNEP, 2010). Because a number of pollutants or contaminant might be found in a water resource,
their combined synergistic effects could be more profound than the cumulative effect of one
contaminant (Millennium Ecosystem Assessment, 2005).

Nutrient pollution, responsible for the increased levels of nitrates and phosphates in water, could
result into increased photosynthesis leading to algal bloom and growth of highly vascular plants
like water hyacinths (UNEP, 2010; Millennium Ecosystem Assessment, 2005; Nechifor et al,
2015). Sedimentation is a naturally occurring process which provides sediments and organic matter
in aquatic ecosystems. However, in many regions, the rate, timing and volume of sedimentation

has been affected by human activity resulting into a higher discharge than usual into water bodies
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(UNEP, 2010; Carr & Neary, 2008). Sediments in rivers and lakes could adsorb pollutants such as
heavy metals temporarily reducing their concentration in the water column before releasing them
back into water after agitation (Douben and Koeman, 1989; Mohapatra, 1988). Thermal pollution
hampers the natural water temperature cycles altering aquatic life impairing reproduction of
aquatic species and reducing oxygen concentration in the water column (UNEP, 2010; Carr &
Neary, 2008). Increased aquatic temperatures increase the metabolic rates of aquatic species
leading to higher food consumption. It also increases solubility of toxic substances like heavy
metals (Sokolova & Lannig, 2008; Goel, 2006). Aquatic acidification resulting from acid rain
increases the levels of carbonate in water which forms strong bonds with divalent and trivalent
metal ions. This could increase the concentration of heavy metals in water (Xiangfeng et al., 2015).
Pathogenic pollution of water is also a subject of great concern especially in regions facing acute
water scarcity. These free-living pathogens, like some Vibrio spp, E.Coli spp, Salmonella spp,
Cryptosporidium spp, Giardia spp, Rotavirus spp, Adenovirus spp, Guinea worm, and others pose
health risks such as bloody diarrhea, meningitis, amoebisis etc. (WHO, 2008). Endocrine
disruptors, are a new class of emerging water contaminants, whose consequences towards human
health, water quality and the environment are still not fully understood (UNEP, 2010). Most of
them are additives in cosmetics, pesticides, disinfectants, plastic manufacturing, and
pharmaceuticals like birth control pills. These chemicals inhibit hormonal activity in the body in
humans directly exposed to them especially during the formative years. Their effects can be life-
long and irreversible (Colborn, 1993). Toxic heavy metal pollution involves contamination of
water resources with metals such as lead, cadmium, mercury, chromium (V1) and arsenic. They
originate from human activities such as mining, smelting, coal burning, fertilizer & pesticide

manufacture and usage (Eick et al., 1999).

2.3 Heavy metal toxicity.

Toxic heavy metals are elements with density higher than that of water noted for their potential
toxicity within environmental contexts (Srivastava & Goyal, 2010). The term is often used to refer
to cadmium, lead, mercury, chromium (VI) and arsenic (Braithwaite & Rabone, 1985). Toxic
heavy metal exposure pathways have five components: a contamination source such as an industry;
an environmental transport medium such as water or ambient air; an exposure point such as
inhaling, ingesting or dermal exposure; an exposure route such as absorption by the digestive tract,

lungs; and an exposed population living in a continuously polluted environment (WHO, 2010).
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Toxic heavy metals target biomolecules such as proteins, enzymes and DNA by interacting with
their terminal amino-acid sulfhydryl groups or DNA nucleotide bases through molecular mimicry
leading to a disruption of their metabolic activity (Bralley & Lord, 2001). Heavy metal
concentrations in environmental media can be determined using Atomic Absorption Spectroscopy
(AAS) (Garcia & Baez, 2012) or Inductive Coupled Plasma (ICP) spectroscopy method (Ahan et
al., 2007).

2.3.1 Lead (Pb)

Lead poisoning contributes to about 0.6% of the global disease burden with exposure mainly
occurring through air, food, paints and water. The WHO maximum allowable limits for lead
concentration in water is 0.01mg/l. However, much lower concentrations have been observed to
compromise the immune, reproductive and cardiovascular systems of children over time (WHO,
2008; WHO, 2010). Acute clinical lead poisoning could manifest through fatigue, constipation,
anemia or neurological disorders. It may also lower the neurological development of children even
after the poisoning ceases. Sub- clinical effect of lead poisoning with blood levels below the
maximum allowable WHO limit (<0.01 mg/l) could result into decreased 1Q, hearing and growth
(Bellinger & Bellinger 2006; Landrigan, 1989; Byers & Lord, 1943) not easily captured by
standard clinical examinations. A high community exposure may lead to a high number of children
with a depressed mean 1Q, lower mental capacity and retardation which tend to be chronic and
irreversible (Needleman et al, 1979; Needleman et al., 1990; Burns et al., 1999; Dietrich et al.,
2001; Cecil, 2008; Wright et al., 2008). During formative years, lead exposure can lead to
increased instances of drug abuse, truancy and incarceration (National Research Council, 1992;
Needleman et al., 1990, 1996, 2002; Dietrich et al., 2001; Nigg & Casey, 2005; Braun et al., 2006;
Fergusson et al., 2008; Nigg et al., 2008; Wang et al., 2008; Wright, 2008; Ha et al., 2009). In
Kenya effects of lead contamination in water sources have been well documented. Oyoo-Okoth et
al., (2010) reported lead levels above the maximum allowable limit in Lake Victoria near Kisumu
city (upto 114.1 pg/L). Also, Ndeda and Manohar, (2014) in their analysis of heavy metals in the
Nairobi Dam water exposed a very high mean concentration of Lead metal in the water during the
dry season (16.78+0.21mg/L) and also during the wet season (11.67+0.20mg/L).

2.3.2 Cadmium (Cd)
Cadmium is a heavy metal that possesses a very high level of toxicity at extremely low

concentrations capable of causing acute and chronic health effects due to its non- biodegradability

20



and translocation between environmental mediums (Nordic Council of Ministers, 2003). It is a
non-essential element generating great concern for its accumulation due to industrial practices such
as electroplating, galvanizing, fertilizer manufacture/ usage and smelting (Stohs & Bagchi, 1995).
It is also released naturally into the soil and aquatic systems e.g. through volcanic eruptions
(Nriagu, 1989) and weathering of rocks. The main route for cadmium exposure is through tobacco
smoking and food intake. However exposure through water is of great concern due to increased
usage of cadmium- containing phosphate fertilizers. Cadmium in fertilizers contributes to its
translocation into plants (Nordic Council of Ministers, 2003) and into water run-offs. The
maximum allowable drinking water concentration of cadmium is 0.003mg/l (WHO, 2008).
Cadmium causes renal tubular damage to kidneys because of its accumulation in the renal cortex
resulting into dysfunction due to interference of amino acid and glucose metabolism. Cadmium
has also been shown to damage skeletons in both humans and animals (Jarup et al., 1998).
Cadmium is classified as a class 1 carcinogen by the International Agency for Research on Cancer
(IARC). Chronic exposure may lead to development of lung and prostate cancer (Waalkes, 2000;
IARC, 1993). Cadmium occurrence in Kenya has also been studied by Oyoo-Okoth et al., (2010).
They found out that considerable levels of accumulated Cadmium existed in the Lake Victoria
waters around Kisumu city (80.1ug/L). Also, Ndeda and Manohar (2014) found a considerable
mean concentration of cadmium in the Nairobi dam waters during the dry season (5.12+0.18mg/L)
and in the wet season (3.76+0.15mg/L).

2.4 Water Treatment Methods.

Municipal drinking water treatment works involves removal of large debris like rocks, pre-
conditioning of the water to remove hardness using ion-exchange resins, adjustment of the pH,
flocculation to clarify water by settling suspended particles in water, filtration and removal of
suspended solids and finally disinfection using chlorine (UNEP, 2010). Household or point-of-use
(PoU) water treatment methods employed include boiling, bleaching (using chlorinated agents),
filtration, straining water through a cloth, solar disinfection among others (Rosa & Clasen, 2010).
Other conventional and pollutant-specific water treatment methods include adsorption (Shaheen
et al.,, 2012), electrochemical deposition (Herdan et al, 1998) and ion exchange (Bai &
Bartkiewicz, 2009) for heavy metal removal; particulate phosphorus filtration (Lowe et al., 1992)
and enhanced biological phosphorus removal also known as E.B.P.R (Maurer & Boller, 1999) for
nutrient removal; catalytic ozonation (Legube & Vel Leitner, 1999) and adsorption (Rashed, 2013)
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for organic contaminant removal; chlorination (Hua & Reckhow, 2007) and UV treatment
(Canonica et al., 2008) for water disinfection; and flocculation and coagulation (Spicer et al, 1998)
for removal of suspended solids. Reverse osmosis (Greenlee et al, 2009) and ultra- filtration
(Nakao & Smolders, 1984) can also be employed as polishing steps in water treatment. Among
the various heavy metal removal methods, adsorption is the most studied due to its efficient metal
targeting effectiveness and simple usage (Zhou et al., 2004). Adsorption happens when molecules
or ions (like heavy metals e.g. Pb?") interact with adsorbent surfaces e.g. zeolites through either
the physical Van der Waals forces (physisorption) or through chemical hybridization of their

orbitals (chemisorption) leading to bonding between them (www.fisica.unige.it; Atkins, 1999).

Various adsorbents have so far been employed successfully in water remediation of heavy metal
contaminants. These include rice husk ash for Pb (I1) and Cd (I1) removal (Teixeira et al., 2004),
almond shell for removal of Cr (V1) (Agarwal et al., 2006), chitosan, zeolites, clay and fly-ash for
Pb (11), Cd (I1) and Cr (VI) removal (Babel & Kurniawan, 2003).

2.5 Adsorption

Adsorption happens when dissolved or suspended substances accumulate at the interface between
solid, liquid or gaseous phases due to the action of surface forces (IUPAC, 1997). This could result
into chemical bonding (chemisorption) or a van der Waals association (physisorption) between the
dissolved substance and the solid phase (Atkins, 1999). Adsorption could either be reversible or
irreversible. Reversible adsorption involves physisorbed or weakly chemisorbed species while
irreversible adsorption involves strongly chemisorbed species (Lee et al., 2006). However,
physico-chemical parameters of the liquid phase such as pH, temperature and concentration could
be altered to trigger desorption (Fig. 2.2) of strongly chemisorbed species back onto solution
(Worch, 2012).
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Fig 2.2: A pictorial representation of adsorption (Adopted from https://www.slideshare.net)

Physisorption takes place on all surfaces when the temperature and pressure conditions are right.
The involvement of weak van der Waals forces renders physisorption weaker than chemisorption.
Its multi layered and indiscriminate adsorption can be driven by enthalpies as low as 20 kJ mol™,
Chemisorption is however highly selective and occurs at specific adsorption sites. Due to the
formation of strong covalent bonds, chemisorption has adsorption enthalpies ranging between ~
40-800 kJ mol™ (Webb, 2003; Atkins, 1999; Boparai et al., 2011; Al-Anber, 2011). The Lennard-
Jones potential (Equation 2.1) can be used to assess an adsorption process and determine whether

it is physisorption or chemisorption in nature (Lennard- Jones, 1924).

12 6
V= E((%m) -2 (TTm) )...Equation 2.1
Where:
Vy; is the Lennard- Jones Potential; € is the potential well depth (minimum potential energy to

facilitate bonding); rmis the distance between particles where there is minimum potential; and r is

12

the inter-particle distance. The term (%’") symbolizes the repulsive forces between the adsorbent
6

and the adsorbate whereas the term 2 (%’”) symbolizes the attractive forces between the adsorbate

6
and adsorbent (symbolized by the well depth). 2 (%m) ) is higher for chemisorption than for

physisorption. Figure 2.3 shows a Lennard- Jones plot chemisorbed and physisorbed species in the

gaseous phase.
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Fig 2.3: Chemisorption and Physisorption depicted by the Lennard- Jones Potential well

(http://www.beilstein-journals.orq)

Chemisorbed species are usually site specific, one molecule thick and with no lateral movement
of sorbed molecules. The adsorption capacity is exhausted when all the empty sites are filled with
adsorbed species. However, the first chemisorbed species may be followed by other physisorbed
species creating several layers of chemisorbed and physisorbed species (Ho et al., 1991; Lee et al.,

2003). Percentage adsorption can be expressed as follows in Equation 2.2.
% Adsorption = % * 100%... Equation 2.2

Where:
C; is the initial metallic concentration in solution; C is the final metallic concentration in solution.

Commonly used cheap adsorbents for heavy metals include plant materials such as coconut fiber
for Pb(1l), As(l11) and Hg(ll) removal (Igwe et al., 2008), rice husk ash for Cu(ll), Mn(ll) and
Pb(11) removal (Mohan & Sreelakshmi, 2008) and waste from tea for Cu(ll) and Pb(Il) removal
(Amarasinghe & Williams. 2007); and silicate materials such as zeolites for Pb(ll) and Cd(ll)
removal (Wingenfelder et al., 2005; Egashira et al., 2012; Terdkiatburana et al., 2008), grafted
silica for Pb(Il) removal (Chiron et al, 2003) , bentonite, montmorillonite for Pb(ll), Cd(1l) and
Cr(VI) removal (Foo & Hameed, 2010), clay and fly-ash for sorption of Pb(Il), Cu(Il) and Cd(lI)
(Babel & Kurniawan, 2003). Factors affecting adsorption include pH, temperature, contact time
and concentration of pollutants (Hodi et al., 1995; Igwe & Abia, 2003). Others include adsorbent
mass (Naidu et al., 2013; Al-Anber, 2011) and chemical conditioning of the adsorbent (Semmens
& Martins, 1997).
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2.5.1 pH

pH affects the metal ionization and surface charge density of an adsorbent. At very low pH, the
concentration of protons is high resulting into a highly positively charged adsorbent surface which
repels metal ions from it. At very high pH, the adsorbent surface is negatively charged leading to
higher adsorption of metallic ions onto the adsorbent surface (Heidari et al., 2013; Mehdizadeh et
al., 2014). Adsorption of lead ions onto a certain biomass (Tectonia grandis) was determined at
10.43% at the initial pH of 2.0. However, between pH 3-5, there was a sharp increase in adsorption
reaching its maximum at pH of 5.0 where 97.43% of the metal ions were removed (Naidu et al.,
2013). Tashauoei et al (2010) also observed that optimum cadmium adsorption onto modified
nano-zeolite occurred at pH 6 and that no precipitation of cadmium (I1)-hydroxide occurred.
Optimum cadmium removal from water through adsorption happens at the neutral pH of around 6
(Ayuso et al., 2003; Gupta and Bhattacharyya, 2008; Panuccio et al., 2009). At low pH, it was
ascertained that metallic adsorption was very low (Chandra Rao et al., 2006). Highly basic
conditions (pH >>7) would ultimately result into precipitation of the metal hydroxides instead of

surface adsorption onto the adsorbent (Tashauoei et al., 2010).
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Fig 2.4: Speciation diagram for Lead (aq) complexes (www.researchgate.net; Santasnatchok et al,
2015)

Distribution of Pb species
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Fig. 2.5: Speciation diagram for Cadmium (aq) complexes (Santasnatchok et al, 2015)

At very low pH, metals possess a high solubility in water. However at higher pH, they precipitate
as insoluble hydroxides. The table below shows the proportion of precipitation of heavy metals at
different pH:
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Fig. 2.6: Concentration of different metallic species differing with pH due to precipitation
(Hoffland Environmental Inc., 2017).
From the above plot, a concentration of 10° mg/l of cadmium and lead salts at pH of 7 will reduce
to a concentration of 10-%° and 10" mg/I respectively due to metal hydroxide precipitation at a pH
of 11.

26



2.5.2 Temperature

An adsorption experiment can be defined as either exothermic or endothermic. Exothermic
adsorption reactions release heat while endothermic adsorption reaction absorb heat in the process
according to the le Chattelier’s principle. Spontaneous processes usually occur in order to
minimize the Gibbs free energy (AG®) as much as possible at equilibrium (Cramer, 2011) An
increase in temperature may result into a decrease in an exothermic reaction but an increase in an
endothermic reaction (Duffus, 2002). The difference between an endothermic and exothermic
reaction is determined using the Gibbs free energy, AG which can be represented in equation
2.3(a):

AG°® = AH° — TAS°... Equation 2.3 (a)

Where:

AG? is the standard Gibbs free energy; AH® is the standard enthalpy of the system; T is the absolute
temperature in K; AS° is the standard entropy change in the adsorbent/ adsorbate system. AG® can
also be expressed as the relationship in Equation 2.3 (b):

AG® = —RTInKay... Equation 2.3 (b)

Where:

R is the universal gas constant (8.314 J/ mol. K); T is the absolute temperature in K; Kgq is the
adsorption equilibrium constant. The adsorption enthalpy (AH®) can be defined as the heat
requirement for a system at constant pressure for a reaction to take place.

At a given adsorption enthalpy, the van’t Hoff equation relates the change in temperature to the
equilibrium constant, Kq. From equation 2.3 (a) and 2.3 (b):

AH® — TAS® = —RTInKj .... Equation 2.4

__ AH®-TAS®

InK,; = e Equation 2.5
InK,; = -21:0 + A%O ... Equation 2.6 (van’t Hoff Equation)
Where:

Kq is the equilibrium constant of adsorption; AHC is the enthalpy of adsorption; R is the universal
gas constant; T is the absolute temperature in K; AS® is the entropy change. The Van’t Hoff plot
can be made for In Kq vs 1/T. -AH®/ R defines the slope while the y- intercept is AS®/ R. For
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endothermic reactions, the graph slope is always negative while for exothermic reactions, the slope
is always positive.

Pandey et al (2010) experimentally determined that the percentage adsorption of Cr (VI) onto
zeolite reduced from nearly 50% to below 30% when the temperature was raised to 303K from
293K symbolizing an exothermic reaction. Zeolite sorption of heavy metals is a kind of chemical
adsorption and it is expected that its activity may be increased with temperature (Lee & Moon,
2001). It was also found out that Cu?* uptake increased with temperature for natural unmodified

zeolite (Panayatova, 2001).

2.5.3 Contact time

Adsorption kinetic studies involves determination of the utilization of the adsorption capacity in
relation to the contact time between the liquid and solid phases (Tsibranka & Hristova, 2011).
Kinetic models allow for adsorption rate estimation and could help develop expression rates which
describe reaction mechanisms in the form of pseudo first order or pseudo second order kinetics
(Robati, 2013).

The pseudo first order kinetic equation can be expressed as equation 2.7:

In(gq. — q¢) = Inq, - kt... Equation 2.7

Where:
gt is the metal ions sorbed after time t in mg/g; ge is the adsorption capacity at equilibrium in mg/g;
k1 is the pseudo first order rate constant; t is the contact time in minutes.

The pseudo second order kinetic model is expressed as Equation 2.8:

t 1 t
- = + — ... Equation 2.8
q ka2 qe q

Where:

t is time taken in minutes; ge is the adsorption capacity at equilibrium in mg/g; k2 is the pseudo
second order rate constant; q is the amount of ions adsorbed on the adsorbent at any time.
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Fig 2.7: A plot showing the adsorption of Cadmium onto zeolites against time and at various

temperatures (Fahmy et al., 2016).

Figure 2.6 shows an increase in percentage adsorption of cadmium ions against time at different
temperatures. The adsorption of cadmium onto both zeolites and sepiolites fit the pseudo second
order model at 293.15K with an R? of 0.999 for both materials under the pseudo second order
model. (Sharifipour et al., 2015).

2.5.4 Metallic ion concentration

Increase in metal concentration leads to an increase in its adsorption per gram of the adsorbent
also known as the adsorption capacity (Ali et al., 2012). At higher metallic concentrations, there
is a high probability of active site- adsorbate collisions because of the higher availability of
metallic ions in solution (Baral et al., 2009). Isa et al (2008) found out that the adsorption capacity
of oil palm fibre increased with the concentration of Cr (V1) in solution. Hannah et al (2006) also
reported an increase in adsorption capacity for Manganese-coated zeolite for Cu (11) and Pb (1)
from 0.123 and 0.330 mmol g* to 0.132 and 0.343 mmol g* for the two ions respectively.
However, the percentage adsorption of the metal ions decreases as the concentration increases due
to a reduction in adsorption sites on the adsorbent surface. Erdem et al., (2004) observed this when

conducting experiments involving Cu?*, Co?*, Zn?*, and Mn?* adsorption by zeolites.

2.5.5 Adsorbent mass
The initial adsorbate concentration in solution determines the adsorption capacity of any amount
of adsorbent (Chen & Wang, 2007; Hamidpour et al., 2010; Hojati & Khademi, 2013). More of

the adsorbent mass results into an increase in surface area leading to increased adsorption of metal
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ions resulting into low density occupancy of the cations (adsorbates) on the adsorption sites (Kaya
& Oren, 2005; Sari et al., 2007). Chiron et al (2003) reported the decrease in adsorption of Pb?*
and Cd?* ions per unit mass of grafted silica as the mass of the adsorbent increased. The latter case
may happen due to overcrowding and overlapping of adsorbent particles as the mass is increased

which leads to overlapping of active sites present at the surface of adsorbents.

2.5.6 Regeneration of adsorbent

Although adsorption is a well-established technology for water purification, its success is largely
dependent on the ability of the adsorbent to desorb the target contaminant for efficient reusability
(Mthombo et al., 2011). Adsorbents like zeolites have a significantly larger surface area compared
to bulk material making it possible for pretreatment using selected conditioning agents such as
acids, bases, surfactants to aid in desorption of already adsorbed ions and increase the affinity
towards solutes of interest. This step aims to replace surface cations with more exchange-friendly
cations such as Na*, K* and NH4" adsorption processes (Semmens & Martins, 1997; Kesraoui-
Ouki et al., 1993). Some of the conditioning reagents include NaCl, Ca(OH)., KCI, HCI, Mg
(OH), etc. (Zamzow et al., 1990; Milan et al., 1997).

2.6 Adsorption Isotherms

Adsorption isotherms describe the maintenance, discharge and mobility of substances from
aqueous media onto solid surfaces under constant pH and temperature (Limousin et al., 2007,
Allen et al., 2004). An adsorption equilibrium happens when an ion containing solution is
contacted with an adsorbent for sufficient tome until a dynamic balance between the concentration
of ions in solution and on the surface of the adsorbent is achieved (Kumar & Sivanesan, 2006;
Ghiacci et al., 2004). Adsorption isotherm constant (Kg) is the dynamic association between the
adsorbate on the adsorbent (ge) in mg/g and the equilibrium amount of adsorbate in solution (Ce)

in mg/L.

Kg = . Equation 2.9
Ce

Where:
Kgq is the adsorption equilibrium constant or coefficient (L/g); ge is the amount of adsorbate on the
adsorbent in mg/g; Ce is the equilibrium amount of adsorbate in solution in mg/L. Some examples

of adsorption isotherms include Langmuir, Freundlich, Brunnauer—Emmett—Teller, Redlich—
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Peterson, Dubinin—Radushkevich, Tempkin, Toth, Koble-Corrigan, Sips, Khan, Hill, Flory—
Huggins and Radke—Prausnitz isotherms (Foo & Hameed, 2010).

2.6.1 Langmuir Adsorption Isotherm

The Langmuir isotherm assumes that adsorption results into the formation of a monolayer on the
surface of the adsorbent. The adsorption energies onto each adsorption site is equal with no
movement of the adsorbate along the adsorbent once adsorbed (Vermeulan et al., 1966; Vinod et

al., 1997). It can be expressed in the following linear form (Equation 2.10):

C 1 C .
=€ — + —= ... Equation 2.10
de KiVin Vi

Where:

Ce: Equilibrium Concentration (mg/L); ge: Amount of adsorbate adsorbed (mg/g); Ki: Langmuir
Isotherm Constant; Vim: Maximum Monolayer coverage capacity (mg/g).

Graph Plot: Ce/ge Vs Ce

Where 1/ Vn is the slope & 1/ KV is the y- intercept.

2.6.2 Freundlich Adsorption Isotherm

The Freundlich isotherm states that different adsorption sites have differing energies of adsorption.
The expression gives an indication of a heterogeneous surface with active site distribution over a
wide range of adsorbate concentrations. The isotherm mathematically assumes formation of
infinite number of layers because of failure to attain an adsorption saturation limit (Freundlich,
1906; Hasany et al., 2002; Erdem et al., 2004). The Freundlich isotherm can be expressed in a

linear manner as follows (Equation 2.11):

logq, = log Ky + 1;log Ce ... Equation 2.11

Where: g is the capacity of metal adsorption onto adsorbent; Ce is the equilibrium concentration
of metal in solution (mg/L); Kr and n are Freundlich constants.

Graph Plot: log ge vs log Ce

Where (1/n) is the slope and log Kk is the y- intercept.
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2.6.3 Tempkin Adsorption Isotherm

The Tempkin isotherm states that there is a linear relationship between the molecular heat of
adsorption and the surface coverage (Tempkin & Pyzhev, 1940; Aharoni & Ungarish, 1977). The
linear representation of the isotherm is as Equation 2.12:

Qe = l;_:lnAT + l;—:lnCe ... Equation 2.12

. RT .
The expression —can also be written as B.
T

Graph Plot: ge vs In Ce

Where: Ag is the equilibrium binding constant for the Tempkin isotherm (L/ mg); bt is the
Tempkin Isotherm constant; B is a Constant related to heat of sorption (kJ mol™); R is the Universal
Gas Constant (8.314 x 107 kJ mol* KY); T is the Temperature at 298K.

2.6.4 Dubinin- Radushkevich (DR) Adsorption Isotherm

The Dubinin- Radushkevich isotherm states that an adsorbent is composed of adsorption sites with
a different energies and that these energies are distributed in a Gaussian manner (Gunay et al.,
2007; Dabrowski, 2001; Arivoli et al., 2007).

The equation can be represented in a linear manner (Equation 2.13):
Inq, =Inqg — BE? ... Equation 2.13

Graph Plot: In ge vs €2
Where: gs is the maximum capacity of adsorption (mg/g); ge is the adsorption capacity at

equilibrium (mg/g); B is an activity coefficient constant related to adsorption energy (mol? J2); €

is the Polanyi potential which equals RT In( 1 + Ci); E is the mean free energy of adsorption (kJ

mol™) which equals \/%B (Erhayem et al., 2015; Horsfall et al., 2004).

2.6.5 Flory-Huggins Adsorption Isotherm
The Flory- Huggins isotherm relates the surface coverage of the adsorption sites with the
spontaneity of the adsorption process (Horsefall & Spiff, 2005). The linearized form can be

expressed as Equation 2.14:
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logc3 = log Kry + npy log(1 — ©) ... Equation 2.14

Graph Plot: log (6/Co) vs log (1- ©)

Where: © is the surface coverage degree; C, is the adsorbate initial concentration (mg/g); ngy is
the Flory- Huggins Isotherm model exponent; Krn is the Flory- Huggins Isotherm equilibrium
constant (L/ g).

© can be calculated as:

1-C
o= ¢ ... Equation 2.15
Co

Where: Ce is the adsorbate concentration at equilibrium (mg/g); Co is the initial concentration of
adsorbate (mg/Q).

2.7 Zeolites

Zeolites are naturally occurring aluminosilicates with a porous, 3-D cage- like structure possessing
permanent negative surface charges due to the isomorphic lattice substitution of Si** ions with
ARF* ions in their crystals (Theng, 1974; Rozic et al., 2000) counter-balanced by exchangeable
cations (Wang & Peng, 2010) widely used in adsorption, ion-exchange, catalysis and separation
(Tosheva & Valtchev, 2005; Yu et al., 2013).

2.7.1 Occurrence and characteristics

Naturally, zeolites are produced by volcanic action in regions such as the Caucasus, the Balkans,
the Himalayas, Kenya, Cuba, Switzerland and the United States (Rhodes, 2007). About twenty
species of natural zeolites have been reported from sedimentary rocks, but only eight commonly
make up the major part of zeolitic rocks. These are analcime, chabazite, clinoptilolite, erionite,
heulandite, laumontite, mordenite, and phillipsite (Hay & Sheppard, 2001).
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Fig 2.8: Faujasite structure depicting the molecular channels (www.sssj.org)

Zeolites can accommodate several cations such as Na*, K*, Ba**, Mg?* and Ca?* due to large empty
spaces. Larger molecules and cationic moieties such as water, ammonia, carbonate ions, and nitrate
ions can also be accommodated in their lattice. Their general chemical formula is:

Mnx/nSi1xAlkO2 - yH,0 (Where M = e.g. Na*, K, Li*, Ag", NH4*, H*, Ca®*, Ba?") (Bhattacharya
et al., 2006; Aydin & Kuleyin, 2011; Auerbach et al., 2003). Zeolites exhibit a high adsorption
capacity because of their high cation exchange capacity. They also possess catalytic sites with
different cage sizes to accommodate molecules of different sizes (Gascon et al., 2012). Zeolites
have a high affinity for divalent metallic ions in water and can thus be used for heavy metal
adsorption processes (Weller & Dann, 1998; Ouki & Kavannagh, 1999). Panayotova & Velikov
(2002) experimentally determined that zeolites had higher uptake ability toward ions with higher
ionic radii (Fig. 2.9) and lower enthalpies of hydration. Lead ions demonstrated high uptake ability

onto zeolites.
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Fig 2.9: Relationship between metal ionic radii and their adsorption coefficient (ge/Ce) on

zeolites (Panayatova &Velikov, 2002).

2.7.2 Removal of pollutants using zeolites.

Surface modification using organic surfactants such as tetramethylammonium (Shaobin &
Yuelian, 2011) enables removal of such anionic pollutants from water. Zhang et al., (2007)
removed ammonium and phosphates from synthetic wastewater using surface- modified zeolites
synthesized from fly ash. Also, Ping et al., (2008) used lanthanum modified zeolite to remove
phosphate from waste water. Zeolites also can be used in benzene removal from water (Obiri-
Nyarko et al., 2014) and in the reduction of pungent smells from VOCs produced by coffee (Kim
& Kim, 2008). Zeolite/ Silver nanocomposites have also been employed in disinfection and

microbial detection in water and food (Unalan et al, 2014).

2.7.3 Electro-kinetic (Zeta) potential

Effective adsorption by zeolites is governed by their particle sizes. Al- Anber (2010) observed that
the smaller zeolite particle size produced higher adsorption percentages for Fe** ions due to the
short transfer path inside the zeolite pore structure. Krishna & Swami (2012) also reported that
Chromium removal from synthetic solutions using zeolites increased as the size of the adsorbents
reduced in size. However, some ionic conditions in aquatic media in the environment force small
zeolite particles to aggregate due to a reduction in their zeta potential (Maurer & Czarnetzki, 2001).
The zeta potential is the potential difference between the liquid the particle is dispersed in and the
stationery liquid on the dispersed particle (Mc. Naught & Wilkinson, 1997) (Fig. 2.10). The zeta
potential depicts the possible dispersion or aggregation of particles when in water. Several factors
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affect the zeta potential, including type of particles, pH, dissolved solutes, addition of other

substances (heavy metals, surfactants) etc.
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Fig 2.10: Pictorial representation of determination of the zeta potential for negatively charged

particles like zeolites (www.nanocomposix.com, 2016).

Particles with a zeta potential of + 30mV show a tendency to aggregate due to the low potential.
This behaviour is demonstrated well at the isoelectric point where the zeta potential of the particles
is OmV (Marsalek, 2012) but can also be influenced by some ionic species in solution (Maurer &
Czarnetzki, 2001) (Fig. 2.11).
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Fig 2.11: Aggregation of zeolite nanoparticles resulting from a reduction of their zeta potential

under different electrolytic conditions (Maurer & Czarnetzki, 2001).

36


http://www.nanocomposix.com/

20 —o— Zeolite

] %\ —O— Sepiolite
15 R
] SO
N
= 104 T
N
= o
= S N
= O pH=6.9
f_.; . 8\ N é
[~ O"77777777777777’77777777777777}I‘Txi: f\: 77777777777777
o = D
£ pH = 6.4 NN
N -5 ' i O (|
1 h \\‘\O
-10 '
T T T T T T T T 1

Fig 2.12: point of Zero charge (PZC) determined through pH for zeolites (Sharifipour et al,
2015).
Aggregation of particles under different electrolytic conditions affects their flow properties which
is not a desired characteristic for adsorption. Incorporation of materials such as polymers to
counteract this behaviour which is important for the stability of the adsorbents under various
electrolytic conditions (Ulosoy & Simsek, 2004; Crane & Scott, 2012; Nurmi et al., 2004).

2.7.4 Surface Area Determination

The BET (Brunnauer-Emmett-Teller) surface area and porosity analysis method can be used in
surface area determination for porous materials such as zeolites. BET porosity analysis method
uses physisorption and desorption of nitrogen (typically liquid N2, 77K) onto a porous solid for
surface area determination in order to estimate material porosity. A desorption isotherm of a gas
is obtained by measuring the gas desorbed from the porous material as the partial pressure is
reduced (Leddy, 2012). The BET adsorption isotherm for gas adsorption can be used to determine
the amount of gas (Equation 2.16) adsorbed onto the surface of the porous material:

1 1 C-1 P

= — ... Equation 2.16
wEe 1) T WmC © Wn CPo q
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Where:

W is the adsorbed gas weight; :;0 is the relative pressure of the N2 gas; Wn is the weight of

monolayer of adsorbate; C is the BET constant. A linear plot of + vs = , the slope is L
w((2)-1) P, W C

P m

and the y- intercept is ﬁ The total surface area (St) can be derived through Equation 2.17

m

below:

_ Wy NA

S¢ .

... Equation 2.17

Where:

St is the total sample surface area (m?); W is the adsorbed monolayer weight, N is the Avogadro’s
number (6.023* 10%%):; A is the adsorbate cross-sectional area (16.2 A? for Nitrogen gas).

Determination of the specific surface area of the sample can be done using equation 2.18:

=3 Equation 2.18
w

Where:
S is the specific surface area (m? g1); S is the total surface area of sample (m?); w is the weight of

the sample (g).

2.8 Nanocomposites

Nanocomposites are mixtures of two or more physico-chemically different materials with a
distinguishable interface at nanoscale. One of the material may form a continuous phase also
known as the matrix while the other is the dispersed phase or filler material (Mishra, 2015). In this
research, cellulose acetate (CA) will be combined with zeolites to form nanocomposites. Cellulose
is the most abundant and natural polysaccharide found on earth especially as plant building
material (Klemm et al., 2005). It has been receiving increasing attention due to its
biocompatibility, mechanical strength, chemical stability and biodegradation (Gindl & Keckes,
2004; Iguchi et al., 2000; Shoda & Sugano, 2005).
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Fig 2.13: The structure of Cellulose diacetate (commons.wikimedia.org).

Cellulose acetates (CA) (Figure 2.13) are essential esters of cellulose synthesized by reacting
cellulose and acetic anhydride in an acetic acid environment. Cellulose acetate usually has
approximately 2-2.5 acetate substituted groups out of 3 hydroxyl groups. The solubility is
dependent on the degree of substitution with acetone and dioxane dissolving low substituted
acetates and dichloromethane dissolving higher substituted acetates (Fischer et al., 2008).
Cellulose- based nanocomposites have recently attracted increases interest in the scientific
community (Daoud et al., 2005; Hong et al., 2006; Jiang et al., 2008; Liu et al., 2008; Marques et
al., 2006; Tsioptsias & Panayiotou, 2000; Zhang et al., 2007). Several researchers have also
exploited cellulose acetate based nanocomposites for various applications including water
treatment and gas separations; Ramadhan et al (2015) prepared CNT and graphene/ Cellulose
acetate membranes for applications in water desalinization; and Kim et al (2013) prepared Nano-
porous layered silicate AMH-3/cellulose acetate nanocomposite membranes to be used for gas

separations.

2.8.1 Polymer Layered Silicate Nanocomposites (PLSNSs)

Polymer- layered silicate nanocomposites are part of the organic/ inorganic nanocomposite family.
They are composed of two or multi phased materials with the silica acting as the filler material at
nanoscale (Zou et al., 2008; Nguyen & Baird, 2007). Due to the small sizes of the dispersed
materials, polymer/ silica nanocomposites possess a larger surface area compared to traditional
composites (Balasz et al., 2006; Winey et al., 2007; Krishnamoorti & Vaia, 2007; Caseri, 2004,
2006, 2007; Schadler, 2003; Schadler et al., 2007a; Schadler et al., 2007b; Schaefer & Justice,
2007).
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2.8.2 Polymer Layered Silicate Nanocomposite Synthesis methods
Solution mixing, melt blending and in- situ polymerization are some of the methods used in PLSN

synthesis. Others include sol-gel process, electrospinning and self-assembly.

2.8.2.1 Solution Mixing

Solution blending which is used in material processing to attain a good level of mixing happens
dissolution or dispersal of both the polymer and the silicate in a suitable solvent for nanocomposite
formation (Schadler, 2003; Zhang et al., 2003). The dissolution of polymers in an organic solvent
is a slow process leading to the swelling of the outer layer followed by physical disentanglement
of the polymer chains as they dissolve (Fig. 2.12) (Olsson & Westman, 2013).

Pure Infiltration | Gel layer Liquid layer | Pure Solvent
> I:f‘>

Polymer I layer

Fig. 2.14 Multi step process for polymer dissolution in an organic solvent. The arrows show the
direction continuum from the pure polymer to the pure solvent with complete dissolution of the
polymer happening at the liquid layer. (Adapted from Miller-Chou & Koenig, 2003)

Polymer dissolution depends on the negative Gibb’s free energy of mixing of the two components

as shown in equation 2.19:

AG mix = -RT InK dissolution < 0.. ..Equation 2.19

The dissolution constant (K gissolution) could be elaborated further through the Flory- Huggins

thermodynamic model of polymer dissolution (Bovey & Winslow, 1979):
AG mix = -RT (N1 In @1 + n2 In @2 + n1 @2 Xy, 2)...Equation 2.20
Where: AG mix is the Gibb’s energy of mixing; T is the absolute temperature in K; R is the ideal

gas constant; n is the number of moles of the solvent; n; is the number of moles of the polymer;
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®; is the volume fraction of the solvent; @, is the volume fraction of the polymer; Xy, 2 is the
cumulative energy of the inter-dispersing solvent and polymer molecules.

Kinetics of dissolution can also be positively influenced by mechanical energy such as stirring the
polymer-solvent mixture which increases the possibility of the polymer dissolving into the bulk
solvent (Olsson & Westman, 2013). This can be explained by the Fick’s first law of diffusion as

shown in Equation 2.21:
= D2 ... Bquation 2.21
] = A, - Equation 2.

Where: J is the flux in mol. s; D is the diffusion coefficient (m? s); Ac is the concentration
gradient from the particle surface to the solution; Ax is the distance from the particle surface to the

bulk solution. D is expressed further in the following equation 2.22:

Q
D =D, e ®r ... Equation 2.22

Where: D, is a pre-exponential that is independent of temperature (m?/s); Qq is the activation
energy for diffusion (J/mol.); R is the gas constant (8.314 J/mol.K); T is the absolute temperature
in K. However, in real life situations, the concentration gradient is changing with time. In this case

Fick’s second law of diffusion shown in equation 2.23 can be used.

dcC d2c .
T D& ... Equation 2.23

Where: dC is the change of concentration of the atoms or particles; dT is the change in time; dx is
the distance between the surface of the particle and the solution bulk.

2.8.2.2 Melt Blending

Melt blending is preferred in materials processing because of its simplicity, efficiency and
environmental friendliness (Oriakhi, 1998; Suprakas & Okamoto, 2002; Zhang et al., 2003). It
allows for the mixing of both the polymer and the layered silicate under heat and shear allowing
for the formation of exfoliated or intercalated nanostructures depending on the polymer silicate
ratio. It is a useful method especially when employing polymers which are difficult to dissolve
(Giannelis, 1996; Giannelis, 1999; Vaia & Giannelis, 1997). Intercalation is driven by enthalpic
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factors since the entropic reduction due to polymer chain confinement in the crystal lattice is
compensated by entropic increase due to increase in the lattice d- spacing resulting into a Lewis
base/ Lewis acid interaction between the polymer and the silicate phases (Equation 2.24) (Vaia &
Giannelis, 1997; DuBois & Alexandre, 2000).

R-Si-OH + R-OH —AHea&mixind —pR_Sj—O-R + H0...Equation 2.24
Layered Silicate Polymer with hydroxyl groups Polymer/ Silicate nanocomposite
\

Lewis Acid/ Base interactions

Intercalation will therefore only take place upon overcoming the high polymer-silicate interaction
enthalpies by raising the temperature as depicted by the Table 2.1 below:

Table 2.1: Choice of Polymer- Silicate interaction enthalpies by raising the temperature (Vaia &
Giannelis, 1997).

AG AH TAS Feasibility of intercalation
AG=AH-TAS>0 High Low Not favourable
AG=AH-TAS=0 =TAS =AH Not favourable
AG=AH-TAS<0 Low High Favourable

Several polymer- silicate nanocomposites have been prepared this way without the need for surface
modification; Vaia (1995) prepared Poly (ethylene- oxide)/ Montmorillonite nanocomposites
through melt intercalation at a temperature of 80°C; Mthombo et al. (2009) prepared zeolite/
polyvinyl alcohol and zeolite/ ethylene vinyl acetate nanocomposites using melt intercalation at
130°C.

2.8.2.3 In-Situ Polymerization

In situ polymerization is the dispersal of silicates into a monomer solution followed by bulk
polymerization of the monomer to form a nanocomposite (Zou et al., 2008). In-situ polymerization
has been demonstrated using several experiments; Reculusa et al. (2004) synthesized polystyrene
/ silica nanocomposites using emulsion polymerization; and Tiarks et al. (2001) first reported the

preparation of polymer/silica nanocomposites using mini-emulsion polymerization.
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2.8.2.4 Sol- Gel process

Nanocomposite formation using sol- gel process involves hydrolysis of a metal alkoxide or silicate
followed by a poly- condensation step (Zou et al., 2008). It produces inorganic/ organic composite
hybrids possessing very unique properties (Huang, 1985; Chen & Iroh, 1999).

Hydrolysis step:

>Si-OR + H,0 —H0—3 551.0H + ROH  where R= Alkyl group, > = polymer group
Poly-condensation step:

>Si-OH + OH-Si< —HoOH- 5 >Gj.0-Si< + H,0 (Adopted from Zou et al., 2008)

2.8.2.5 Electrospinning

Electrospinning uses an electric field to form a solidified polymer fibre from
an electrically charged polymer liquid (Hohman et al., 200la, 2001b; Reneker et
al., 2000; Feng, 2002, Yarin et al., 2001; Yu et al., 2004). It has drawn
attention because of the possibility of incorporating nanosized particles in
the polymer liquid matrix to produce nanocomposite fibres. The filler material
could be manipulated geometrically in order to produce different forms of
nanocomposites when dispersed in the polymer matrix (Fong et al., 2002; Wang et

al., 2004; Wang et al., 2004a).

2.8.2.6 Self- Assembly

Self assemblied organic- inorganic nanocomposites are formed when the two separate phases are
organized spontaneously at nanoscale based on non- covalent interactions. These organized
nanocomposites express unique properties because of their dispersion at nano-scale, synergistic
properties and high interfacial area (Mc. Caughey et al., 2004). Self-assembled materials utilize
hydrophobic interactions, electrostatic interactions, co-ordinate bonding, hydrogen bonding and
biomolecular interactions during nanocomposite formation (Zou et al., 2008). A well-known self-
assembly method for nanocomposite synthesis is layer by layer electro-deposition of gold
nanoparticles onto a polymer- coated glassy carbon electrode using cyclic voltametry for bio-

sensing applications.

2.8.3 Polymer Layered Silicate Nanocomposite characterization methods
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The structure of polymer layered silicate nanocomposites could either be intercalated or exfoliated.
Intercalated structures are formed when polymer chains penetrate the ordered silicate layers (Fig.
2.15 (b)) resulting into an ordered and repetitive structure composed of alternate polymer/ silicate
layers at nanometer level (Suprakas & Okamoto, 2003; Krishnamoorti et al., 1996; Giannelis,
1996). In exfoliated structures (Figure 2.15(c)) the silicate phase is completely separated into
individual silicate layers which disperse in the polymer matrix losing the crystalline periodicity. It

usually happens when the silicate ratio is low (Suprakas & Okamoto, 2003).
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Fig 2.15: Depiction of intercalated and exfoliated polymer- layered silicate nanocomposites
(Dichiara et al., 2013).

Powder X-Ray Diffraction Crystallography is a characterization method used to determine
intercalation of polymers into crystal lattices. d-spacing increase in the silicate layers could be
determined by the shift of the diffraction peaks to lower 2- theta angles for intercalated structures
which is not possible for exfoliated structures because of the very large interlayer spacing (>8nm).
(DuBois & Alexandre, 2000). FTIR technique can be used to supply evidence of hydrogen bonding
for polymer/ silicate nanocomposite structures due to both exfoliation and intercalation by
elucidation of the residual silanol- polymer bonding (Hajji et al., 1999; Huang et al., 2005;
Bandyopadhyay et al., 2005). Scanning electron microscopy (SEM) uses accelerated electrons to
elucidate the surface morphology of materials. The 3-D images produced by SEM analysis are
very vital in understanding the surface of materials (Kickelbick, 2007).

2.8.4 Polymer Layered Silicate Nanocomposite properties

Nanocomposites have a much improved Young’s Modulus (stiffness) than constituent materials.
They also possess better thermo- mechanical properties than the parent materials irrespective of
the synthesis route used (Alexandre & DuBois, 2000; Zou et al., 2008). Zheng et al., (2003) after
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dispersing silica nanoparticles into epoxy resins discovered that their properties were greatly
improved if the nanoparticle dispersion was done uniformly.

Thermo-gravimetric analysis (TGA) & differential scanning colorimetry (DSC) illustrates that the
inclusion of the silicate fillers into the polymer matrix suppresses rapid decomposition of the
polymer under heat. It also acts as an insulator boosting the material heat capacity (Suprakas &
Okamoto, 2003; Zou et al., 2008).

Silicate fillers in the nanocomposite affect gas solubility, diffusivity and permeability because of
the increase in voids in the material. This creates room for the material to interact with various
gases such as CO2, N2 and CHg4 in gas separation systems through hydrogen bonding (Cong et al.,
2007; Merkel et al., 2003a; 2003b).

2.8.5 Polymer Layered Silicate Nanocomposite applications

Polymer/ Silicate nanocomposites can be used as size- dependent filters in water purification.
Inorganic particles incorporated into polymers as membrane filters enhances the porosity of water
due to an increase in the pore size (50-200nm) (Xu & Bhattacharya, 2008). Bulk nanocomposites
can also be immobilized onto glass beads which can be employed in columns (akin to ion exchange
columns) and utilized in water treatment (Tesh & Scott, 2014). Nanocomposites can also be
fabricated into 3-D structures using polymers (Calcagnile et al, 2012; Savina et al., 2011),
graphene (Cong et al., 2012), carbon (Mc. Farlane et al., 2014) and chitosan (Sankar et al., 2013)
and employed in water treatment. Other applications of PLSN materials include coatings
(Soloukhin et al., 2002), chemosensors (Su, 2006), gas separations (Cong et al., 2007) and
encapsulation of organic light emitting devices (Wang & Hsieh, 2007).

2.9 Instrumental Analysis

Materials, when subjected to electromagnetic radiation can exhibit differing secondary effects such
as vibration, electronic transitions, rotation, scattering and diffraction. Lattice and molecular
vibrations of the nanocomposites were analysed using Fourier Transform Infra-red (FTIR)
spectroscopy. Crystallographic analysis was carried out using Powder X- Ray Crystallography
(XRD). Analysis of the metallic ions in water was carried out using Atomic Absorption
Spectroscopy (AAS). The morphology of the nanocomposites was elucidated using Scanning
Electron Microscopy (SEM) while the elemental composition was assessed using Energy
Dispersive X-Ray Spectroscopy (EDX).
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2.9.1 Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectroscopy is a technique of measuring quantities for chemical elements such
as lead, cadmium, mercury, copper, zinc and other metals present in various environmental
samples (Figure 2.14) (Garcia & Baez, 2012).
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Fig 2.16: A depiction of excitation of energy by an atom’s electron leading to AAS analysis
(http://kemcgann.tripod.com, 2017)

When an element in its ground state absorbs energy in the form of radiation, its electrons are
excited. As more of these atoms absorb this energy, the amount of light absorbs increases. A
correlation between the amount of radiation absorbed and the amount of analyte of interest in the
environmental media can be assessed by measurement of absorbed light and correlating it to the
Beer- Lamberts Law (Equation 2.25) (Perkin-Elmer Corp., 1996).

A= €Ebc.....Equation 2.25

Where:
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A is the absorbance; € is the molar absorptivity (L mol™ cm™); b is the path-length of the sample
cuvette (cm); c is the concentration of the compound (mg/L). Absorbance and transmittance could

be expressed as:

A =log=2 ... Equation 2.26
%T = — % 100% ... Equation 2.27

Where:

A is the absorbance; %T is the percentage transmittance; P, is the incident radiation power; P is
the radiation leaving the sample. In AAS analysis, the sample is introduced into the system using
suction through a fine capillary tube. It is then subjected to acetylene or a graphite flame which
evaporates the solvent the sample is contained in, a process called desolvation. Upon further
heating, the solid sample is vaporized into a gas then later broken up into free atoms, also called
volatilization. Light which has been filtered by a monochromator is then directed to the volatilized
samples which absorb part of the light energy at a specific wavelength to excite their electrons.
The resultant absorbed radiation can be measured by the detector to determine the concentration

of the ions of interest in the medium (Garcia & Baez, 2012).

2.9.2 Fourier Transform Infra-Red (FTIR) Spectroscopy

IR spectroscopy can be used to elucidate the structure, bonding and chemical properties of organic
and inorganic minerals and materials (Farmer & Russell, 1964; Farmer, 1974; Decarreau et al.,
1992; Russell & Fraser, 1994; Bishop et al., 1994; Petit et al., 1995; Gates et al., 2000; Heller-
Kallai, 2001). In an infrared spectrometer, radiation of the wavelength range 400-4000 cm™ is
passed through a sample resulting in its partial absorption and transmittance of the rest. Analytes
of interest in the sample can be determined by the absorbance of the IR radiation at a specific
wavelength or wave number (cm™) (www.thermonicolet.com). In order for a molecule to be able
to absorb infrared radiation, when it vibrates there must be an alteration of the dipole moment of
the molecules (Fig. 2.17). Fourier Transform Infra-Red Spectrometry measures the absorbance of
IR radiations at different frequencies simultaneously. It could be used to check for vibrations,
bending, ring movements etc. in different kinds of bonds as they absorb IR radiation. This can be

used in characterization of materials.
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Fig 2.17: Depiction of IR activity using a carbon dioxide molecule. (Source:

http://www.azosensors.com)

Infrared radiation originates from a source which is modified using an aperture which adjusts the
amount of radiation energy. The adjusted radiation is then directed towards the sample. The beam
is then encoded spectrally in the interferometer before being directed to the sample. The amount
of radiation absorbed or transmitted through the sample will determine the amount of analyte of
interest in the sample. The resultant beam from the sample is then directed to the detector for
decoding, digitization and Fourier transformation before the spectrum is availed to the end user

for interpretation and further manipulation (www.thermonicolet.com).

2.9.3 Powder X-Ray Diffraction (XRD) Crystallography
X-Ray diffraction crystallography utilizes the scattering effect of X- Rays by crystalline structures

such as silicates to elucidate their nature (Zou et al., 2008).
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Fig 2.18: Depiction of the working principle of an X-Ray Diffraction Spectrometer

(www.xray.tamu.edu).
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In XRD, amonochromatic X-ray generated from a cathode tube is directed towards a sample which
diffracts them against a scattering angle characteristic of its crystalline atomic structure (Figure
2.18). Qualitative analyses are carried out by comparing the diffraction data (of the unknown
sample) against a database of known patterns (www.thermo.com). The diffracted X-ray beam from
the sample can be detected when there is an alignment of the X-ray source, sample and the detector
to produce the Bragg’s diffraction angle. The powder sample contains many mini-crystals which
can adopt many possible orientations giving different Miller index peaks on the X-RD spectrum

(www.xray.tamu.edu).
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Fig 2.19: Miller indices showing different crystal lattice orientations useful for XRD
crystallography (http://blog.nus.edu.sg, 2013)
The Bragg’s equation given by equation 2.28 (a) can be used to calculate the interlayer spacing

and can be written as:

nA = 2d Sin O....Equation 2.28 (a)

The crystalline interlayer spacing (d) can be calculated as:

. nl
T 2sine

.. Equation 2.28 (b)

Where: n is an integer (1, 2, 3...); A is the wavelength; d is the interlayer distance in the crystal; ©

is the Bragg’s angle. The Braggs angle can be represented as:
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fig: Bragg's Laww

Fig 2.20: Bragg’s Law depicted with incident ray A approaching at angle © and reflected ray C

leaving at angle © from the horizontal plane X (www.sciencetopia.net).

The Scherrer equation is important in estimation of the crystal thickness. It can be represented as
Equation 2.29 below:

091
BcosO ’

.. Equation 2.29

Where: t is the thickness of the crystallite, A is the wavelength of the x- rays (same units with t), ©
is the Bragg’s angle and B is the Full- Width at Half-Maximum (FWHM) of the peak (radians) to
check instrumental broadening.

2.9.4 Scanning Electron Microscopy & Energy Dispersive X-Ray (SEM/ EDX) Analysis
Scanning electron microscopes use high energy electron beams to constantly interact with the
sample under study (Figure 2.21), giving signals which allow the scanning to occur (Newbury,
1990). It creates images using emitted or reflected electrons from the surface of the sample as a
result of being struck by incident electrons from a source which get deflected by the atoms of the
sample (Kickelbick, 2007).

In this analysis, a highly focused electron jet is directed towards the surface of the sample. This
leads to excitation of the surface electrons. As a result, several types of scattered particles can be
used to map out the surface morphology of the sample and obtain critical information. These
scattered particles include secondary electrons, backscattered electrons and x- rays. The
magnification of the SEM images relies on the electron- matter interaction and detector signal
processing speed among other factors.
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Secondary Electrons Backscattered Electrons Auger Electrons or
X-Ray Fluorescence

Fig 2.21: Image showing Secondary electrons, backscattered electrons and X- Ray fluorescence/
Auger electrons (https://sites.ualberta.ca, 2012)

Backscattered electrons are elastically scattered from the nuclei of the atoms of the material of
interest. In this case, they bear the same energy as the primary electrons thus are very useful in
providing clear SEM images. Inelastically scattered or secondary electrons are produced due to
primary or incident electrons knocking off surface or inner- shell electrons leading to ionization.
These secondary electrons have less energy than that of primary electrons and can be used in
contrasting SEM images. Due to their reduced energy threshold, they are usually produced near
the sample surface (between 1- 50 nm depth) and are very useful in determining the morphology
and topography of the sample. The resolution produced by secondary electrons is dependent on
the size of the beam spot and the incident angle of the primary beam. Slight tilting of the sample
therefore results into production of more secondary electrons which enhances the image contrast.
A pit or cavity on the sample surface can be useful in contrasting the image since the primary
electron beam generates secondary electrons which end up trapped in the cavity.

The ionization of inner shell (K- shell) specimen electrons, results into relaxation of outer electrons
to occupy the vacancies. This relaxation results into a loss of energy by the outer electrons which
is released in the form of x- rays, also called Energy Dispersive X- Ray (EDX) spectroscopy. These
X- rays have distinctive wavelengths unique to specific elements of and therefore could be used to

characterize materials of interest.
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CHAPTER 3

MATERIALS & METHODS

3.1 List of Apparatus, Instruments & Reagents

3.1.1 Equipment and apparatus

The following instruments were used: Atomic Absorption Spectrophotometer (Varian SpectrAA-
10 model), Fourier Transform Infra-Red Spectrometer (IRAffinity-1S Shimadzu model), Powder
X-Ray Crystallography Diffractometer (PANalytical XRD hich model), Scanning Electron
Microscope/ Energy Dispersive X-Ray Spectroscopy (Vegas Tescan SEM/ EDX & ZEISS SEM)
and Materials Pulverizer (Siebtechnik model).

The following is a list of apparatus used: Hotplate/Magnetic stirrer (Snijders 34532 model),
Electrical weighing Scale (Fisher Scientific A-160 model), Mini-Orbital Shaker (Stuart Scientific
SO6 model), oven (Memmert U-400 model) and scientific pH meter (model 1Q 150) were used.
Other laboratory apparatus used were 500ml, 250ml beakers, volumetric flasks, pipette, measuring
cylinder, micro-pipette, pestle and mortar, filter papers, 38um Sieve, aluminum foil, spatula and

petri-dishes.

3.1.2 Chemicals and reagents

Zeolite (Sigma-Aldrich, Modderfontein, South Africa), cellulose acetate (Sigma-Aldrich,
Modderfontein, South Africa), sodium hydroxide (Sigma-Aldrich, Modderfontein, South Africa),
lead nitrate (Sigma-Aldrich, Modderfontein, South Africa) and cadmium nitrate tetra-hydrate
(Sigma-Aldrich, Modderfontein, South Africa); Hydrochloric acid (Fisher Scientific chemicals,
South Africa); Dichloro-methane (Pancreac Quimica chemicals, South Africa); and distilled water

(University of Nairobi, Analytical Chemistry Laboratory).

3.2 Synthesis of Cellulose Acetate/ Zeolite Nanocomposites.

The ‘as received’ zeolite powder was washed in distilled water before being dried in an oven at
100°C. It was then subjected to sieving using a 38um sieve to separate the larger particles from the
smaller ones. A relevant portion of zeolite mass (<38um) was dispersed in dichloromethane (mass
to volume ratio of 1:10) and stirred in a beaker for 5 minutes. Cellulose Acetate powder was then
added to the zeolite/ dichloromethane mixture at different ratios as indicated by the equation 3.1

below and mixed thoroughly using a stirring rod until the solvent evaporated. The ratios of zeolites
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used were adjusted to 10%, 20%, 30%, 40% & 50% in mass. The following equation was used to

calculate the zeolite loading:

Mc (@) =M, (g) + Mca (g) ....Equation 3.1

Mz(g)
Mc(g)

% Zeolite Loading = * 100% ... Equation 3.2

Where:

M. is the composite mass in grams; M; is zeolite mass in grams; Mca is the cellulose acetate mass
in grams. The resultant paste (zeolite/ cellulose acetate mixture) (Figure 3.1) was then subjected
to oven heating for 4 hours at 160°C. The resultant mixture was then cooled at room temperature
for 24 hours after which it was subjected to pulverization using a Siebtechnik Pulverizing
instrument (Figure 3.2). The resultant pulverized nanocomposite (<150um in mesh-size), was
washed thrice by soaking it in distilled water impurities removal before being dried for 2 hours at
100°C. The nanocomposite powder (Figure 3.3) was then subjected to physical characterization
through FTIR, XRD and SEM analytical methods.

3.3 Physical Characterization of Nanocomposites
Characterization was carried out using an FTIR spectrophotometer, XRD spectrophotometer,
Scanning Electron Microscope (SEM) and EDX spectrometry.

3.3.1 FTIR Analysis

A background scan of the air was done by the IRAffinity-1S FTIR spectrometer (University of
Nairobi) in order to subtract it from the spectrum obtained from the sample. A sample of the
nanocomposite powder was inserted into a sample well and compacted using a metallic presser.
The cabinet containing the sample holder was opened and the sample contained in the well was
placed in it. The cabinet was closed and then the FTIR analysis run was made in order to obtain a
Transmittance spectrum of the samples. The machine automatically made four runs per sample
and then averaged them in order to obtain the reading. The sample was then removed from the
sample holder and un-mounted from the well. The parts that came into contact with the sample
were then cleaned using a piece of cloth soaked in ethanol then the analysis was repeated for

another sample. The results were printed for interpretation. The scanning was done from a
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wavenumber range of between 500 cm™ to 4500 cm™ using the transmission mode using a 0.5 g

sample per analysis.

3.3.2 Powder X-Ray diffraction crystallography

The x-ray diffraction spectra were collected from 10 — 90° 24 at the rate of 0.5% minute at room
temperature on a PANalytical XRD hich diffractometer (BITRI, Gaborone, Botswana) equipped
with a Ge (Li) solid detector a radiation source which used a Copper Ka source. The wavelength of
the X-Rays was 1.5418 A. The samples for analysis were 1mm thick to prevent X-Ray penetration.
The identification of the material was done through correlating the results with those of the

standard diffraction data from the Joint Committee on Powder Diffraction Standards (JCPDS).

3.3.3 Scanning Electron Microscopic Analysis

A 20 kV Vegas Tescan Scanning Electron Microscope equipped with Energy Dispersive
Spectroscopy (University of the Free State, Bloemfontein, South Africa) was used for sample
morphological analysis. A jet of electrons were produced from a Lanthanum Hexaboride (LaBs)
filament source because of its high resolution even at low accelerating voltages. Specimen
charging, beam damage and beam penetration curtailed leading to greater surface detail. For non-
conducting samples such as polymers, sputtering with Au/Pd conductive thin layer would prevent
charging of the sample’s surface. Prior to SEM analysis, the sample was mounted onto an
aluminum stub using a double- sided carbon tape then coated with a thin layer (~10-30nm) of
60/40 Au/Pd alloy by means of vacuum sputtering coating using a Denton Desk 1 Sputter- Coater

under a 70 motor vacuum.

3.4 Atomic Absorption Spectroscopy Measurements

A Varian SpectrAA-10 AAS Spectrophotometer (Ministry of Mines, G.0.K. Nairobi) was used.
The sample to be measured was introduced to the AAS analytical instrument (Figure 3.1) using a
fine capillary tube which sucked the sample from the beaker/ flask at a rate of 1ml per minute. It
was carried to the nebulizer using a carrier gas (acetylene) which doubled up as the fuel to atomize
the sample. This resulted into the evaporation of the solvent and breaking up of the dissolved ions
into atoms. The atoms were then bombarded with light with a wavelength of 217nm and 228.8nm
for Pb?" and Cd?* respectively (Table 3.1) in order to excite their electrons which in turn released
photons of light upon relaxation at specific wavelengths per metal. The detector was able to sense

an increase in the amount of photons transmitted and converted it into a function of absorbance.
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Table 3.1: Atomic Absorption Spectrophotometer (Varian SpectrAA-10) analytical variance used

Lamp Slit
Metal current Wavelength width Detection Limit
ion (mA) (nm) (mm) Fuel Oxidant (Hg/ml)
Pb2* 6 217 1 Acetylene  Air 0.11
Cd?* 3 228.8 0.5 Acetylene  Air 0.011

Figure 3.1: A Varian SpectrAA-10 AAS Spectrophotometer used for aqueous heavy metal
analysis at the Geochemistry Labs, Ministry of Mines (G.0.K), Nairobi.

3.5 Batch adsorption experiments

0.3996g of the Lead Nitrate and 0.5252g of Cadmium Nitrate Tetra-hydrate salts were each
dissolved in 250 ml of distilled water to obtain stock solutions of 1000mg/I of Pb?* and Cd?* ions
in 250 ml beakers. The concentrations of these metallic ions were confirmed through AAS
measurements (Varian SpectrAA-10). These stock solutions were used to make dilutions to
facilitate the batch experiments carried out. All experiments results were reported in triplicate, the
standard deviation calculated and the mean values used (see Appendix). All the samples were
subjected to AAS measurements within 24hours.
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Fig 3.2: Batch adsorption experimental set-up using an Orbital Shaker at the Pesticides and POPs
Lab, Chemistry Dept. CBPS, UoN.

3.5.1 Varying zeolite loading

For every metal, five 100 ml solutions of 15mg/l were prepared using distilled water from the stock
solution of 2000 mg/l in 250 ml volumetric flasks. To each portion, 0.04g of 10%, 20%, 30%, 40%
and 50% adsorbent samples were added to every portion. After being covered using an aluminum
foil, the flasks were subjected to agitation using a Stuart Mini-Orbital shaker at 100 rpm for 75
minutes then filtered using a 0.5mm Whattman filter paper. Atomic absorption spectrophotometry

was used to determine the residual metallic amounts in the solutions.

3.5.2 Varying contact time

For every metal, five 100 ml solutions of 15 mg/l were prepared in 250 ml volumetric flasks. 0.04
g of the 20% zeolite loaded sample was added to each solution containing Pb?* ions while 0.04 g
of the 40% zeolite loaded sample was added to each solution containing Cd?* ions. The solutions
were then agitated for 5, 10, 20, 40 and 75 minutes on an orbital shaker at 100 rpm. The resultant
solutions were filtered using a 0.5mm Whattman filter paper then subjected to AAS measurements

for metal determination.

3.5.3 Varying adsorbent mass

Distilled water was used to dilute the stock solution to 27 mg/l solutions. 0.02g, 0.03g, 0,04qg,
0.05g & 0.06g of 20% zeolite and 40% zeolite samples were added to the solutions containing Pb?*
and Cd?* ions respectively. Solutions for each metallic ion were agitated at 100rpm for 75 min
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using a Stuart Mini- Orbital Shaker. The resultant solutions were filtered using a 0.5 mm Whattman

filter paper then subjected to AAS measurements to determine the metallic ions concentrations.

3.5.4 Varying metallic ions concentration

The metallic stock solutions were serially diluted to 200 ml portions of 15mg/L, 30mg/L, 45mg/L,
60mg/L and 75mg/L in 250 ml volumetric flasks. 0.06g of 20% zeolite and 40% zeolite samples
were added to each of the solutions containing Pb?* and Cd?* ions respectively. Solutions for each
metallic ion were agitated at 100rpm for 75 min using a Stuart Mini- Orbital Shaker. The resultant
solutions were filtered using a 0.5 mm Whattman filter paper followed by metal detection using

AAS analysis.

3.5.5 pH adjustment measurements

Different portions of distilled water had their pH adjusted to 3.02, 4.00, 6.06, 9.08 and 10.08 using
Sodium Hydroxide (NaOH), HCI using a pH meter (model 1Q 150). These pH adjusted portions
of distilled water were used to make 100 ml of 18mg/L metallic ion solutions. 0.06g of 20% zeolite
and 40% zeolite samples were added to each of the solutions containing Pb?* and Cd?* ions
respectively. Solutions for each metallic ion were agitated at 100rpm for 75 min using a Stuart
Mini- Orbital Shaker. The resultant solutions were filtered using a 0.5 mm Whattman filter paper
followed by metal detection using AAS analysis.

3.5.6 Varying temperature

The metallic stock solutions were diluted to 100 ml portions of 15mg/L in 250 ml volumetric flasks
using distilled water. The diluted metallic solutions were then maintained at room temperature
(25°C) while others were heated to 50°C and 70°C using an electric hot plate. 0.06g of 20% zeolite
and 40% zeolite samples were added to each of the solutions containing Pb?* and Cd?* ion solutions
under different temperatures respectively. Solutions for each metallic ion were then stirred at
100rpm for 5 minutes using a metallic stirrer. The resultant solutions were filtered using 0.5mm

Whattman filter paper followed by metallic analysis using AAS technique.

3.5.7 Regeneration by acid conditioning
Adsorbents from previous adsorption experiments (20% zeolite for Pb?*; 40% zeolite for Cd?")
were dried for 2 hours at 100°C. They were then soaked in a solution of 1M HCI for 48 hours

before being agitated in the presence of the acid at 125rpm for 1 hour with the mass to volume
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ratio being maintained at 1:10. They were then dried for 2 hours at 100°C. For batch adsorption
experiments, 30 mg/l solutions were prepared from the metallic solutions. 0.06g of the regenerated
20% and 40% zeolite samples were added to the solutions containing Pb?* and Cd?* ions
respectively. Solutions for each metallic ion were agitated at 100rpm for 75 min using a Stuart
Mini- Orbital Shaker. The resultant solution was filtered using a Whattman filter paper (0.5mm)

followed by metallic determination using AAS analysis.

3.6 Statistical data analysis

Data analysis for the results was done by Microsoft Excel 2007 (2006, Microsoft Corp). Results
obtained were represented by use of text, graphs and statistical table to show the interpretation of
various variables. ANOVA was also carried out to check statistical integrity of the data.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Synthesis of Nanocomposites
After solution blending the resultant composite was a thick white paste. Annealing the composite
mixture for all zeolite/ cellulose acetate ratios resulted into a composite lump (Fig. 4.1) which after

pulverization was reduced to 150um mesh powder (Fig. 4.2).

Fig.4.1: Composite lump after solution blending before annealing

Fig. 4.2: 150um mesh- size composite powder after annealing and pulverization

4.2 Fourier- Transform Infra-Red (FTIR) Spectroscopy

Infrared spectroscopy uses bond movement as a result of interaction with infrared radiation to
determine the structure of materials. As different chemical functional groups in the material
interact with IR radiation at specific signature wavelengths, they reveal the structure of the material
and ratios of mixtures of substances within the materials.
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The FTIR analysis shows that the S-O bond bending movement at 796.6 cm™ and the hydroxyl
bending spectrum at 3315.33 cm™ was suppressed during the formation of the nanocomposite.
This could symbolize bond formation between the two functional groups (Soheilmoghaddam et
al, 2013a; Soheilmoghaddam et al., 2013Db). This is shown in the figures 4.3a, 4.3b, 4.3c, 4.3d and
4.3e. Due to intercalation, there is a spectral overlap between the O-Si-O bond spectrum and the
C-O spectrum. At 1085.92 cm™, there is an elongation of the peak with the increase in zeolite
loading in the nanocomposites as indicated by Li et al., 2010. Interactions between the zeolite’s
silanol groups and the cellulose alcoholic groups also leads to the elongation and narrowing of the
peak at 1122.57 cm™ as it progresses towards lower wave numbers (Christidis et al., 2003;
Banwell, 1983; Sanaeepur et al., 2014; lbrahim et al., 2005; Madejova, 2003; Farmer, 1974;
Mozgawa et al., 2005; Han et al., 2011; Mahmoudian et al., 2012; Mahmoudian et al., 2012;
Reynolds Research Group, 2012).

Table 4.1:.FTIR Spectra of zeolites (Christidis et al., 2003; Banwell, 1983; Sanaeepur et al.,
2014; lbrahim et al., 2005)

Wave number (cm™)  Functional Group Transformation
1020.34 Si (Al)- O- Si (Al) (siloxane/ aluminoxane) stretching vibrations
796.60/ 777.31 - Si— O group bond bending
1627.92 H-O- H (water) Bending

3300-3700 -OH (hydroxyl group) Stretching
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Table 4.2: FTIR Spectra of cellulose acetate (Christidis et al., 2003; Banwell, 1983; Sanaeepur et
al., 2014; Ibrahim et al., 2005)

Wave number (cm™?)  Functional Group Transformation

3329.14 OH (hydroxyl group- high concentration) bending in plane

2918.30/ 2848.86 CH=CH (methylene group) asymmetric stretching
scissoring/  bending in

1732.8 C= 0O (aldehyde/ ketone on 6-membered ring) plane

1635.64 C (O) O (carboxylate group on acetic acid) asymmetric stretching

1371.39 CHs (methyl groups on cellulose) bending vibrations

1085.92/ 1122.57 C—OH (cellulose alcoholic bond) bending vibrations

896.9 B- Link (cellulose) Stretching

4.3 Powder X-Ray Diffraction Crystallography (XRD)

Powder XRD crystallography reveals the signature crystal patterns of materials in powder form
which could be used to characterize material. According to the Joint Committee on Powder
Diffraction Standards (JCPDS), the characterized zeolite showed a signature pattern for the
material with the following formula: Na2Al2Si1.8507.7:5.1H20/Na20.Al>03:1.85Si0,5.1H.0 which
will simply be referred to as Sodium Aluminum Silicate Hydrate. The X- Ray crystallographic
spectrum for zeolite shows high crystallinity with distinctive 2 theta peaks at 7.44°, 10.44°, 12.72°
and 16.38" among others. An increase in the 2 theta angle leads to a decrease in the inter-atomic
d- spacing in the crystal lattice (Gramlich & Meier, 1971; Treacy & Higgins, 2001; Alexandre &
DuBois, 2000). This can be correlated to the Braggs equation:

A =2dsin ©... Equation 4.1

Where: A = incident x- ray wavelength (1.5418A); d is the inter-atomic lattice spacing; and © is
the angle the incident x-rays form against the horizontal sample surface. XRD data of pristine

zeolites is elaborated in Figure 4.4.
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Fig 4.4: XRD Spectrum for pristine zeolite.
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Spectra for the nanocomposites at different zeolite loadings (10%, 20% and 30%) were analysed.
The characteristic XRD peak for cellulose can be seen which appears as a bulge at 14.9° (small
bulge) and 22.5° (large bulge) 2 theta values (Li et al., 2010). As the zeolite loading increases from
10-20%, the peaks become longer and sharper while the cellulosic bulge is suppressed. However,
there is little change in the magnitude of the peaks between 20% and 30% zeolite loading. This
may mean that there is maximum intercalation at 20% loading. The cellulosic bulge is however
suppressed considerably between these two loading percentages as seen in figure 4.5a, 4.5b and
4.5cC.

The 2 theta angles for the nanocomposite are significantly lower than for those of the pristine
zeolite materials. This is brought about by intercalation which increases the d-spacings of the
lattice as reported by Alexandre & DuBois, 2000 (2000) (Figure 4.6).
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Fig 4.5a: Polymer Layered Silicate Nanocomposite with 10% zeolite loading
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Fig 4.5b: Polymer Layered Silicate Nanocomposite with 20% zeolite loading
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Fig 4.5c: Polymer Layered Silicate Nanocomposite with 30% zeolite loading

69



6000

5000 I

4000

3000 | I

e Nanocomposite Peaks

== Pristine Zeolite peaks
2000 i i I

Lin (Counts per second)

1000 I I

-1000

2 theta scale

Fig 4.6: XRD Spectra comparing the peaks of pristine zeolite and 20% zeolite- loaded nanocomposites showing diffraction peaks shifting
to lower 2 theta angles (Alexandre & DuBois, 2000)
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Table 4.3 XRD data

Miller Indices (hkl) 2 theta (Zeolites) d-spacing (Zeolites) in | 2 theta (20% Zeolite |d- spacing (20% Zeolite

nm Composites) Composites) in nm

200 7.44 1.188 7.09 1.247
220 10.44 0.847 10.07 0.878
222 12.72 0.696 12.37 0.716
420 16.38 0.541 16.01 0.554
442 21.94 0.405 21.56 0.412
622 24.24 0.367 23.86 0.373
642 27.38 0.326 27.02 0.33

644 30.24 0.296 29.8 0.299
840 34.44 0.26 34.05 0.263
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Table 4.3 shows the relationship between the increase in the d-spacing of the crystal lattice and
nanocomposite formation. This also results into the reduction of the Bragg’s angle (2-theta)

value.

4.4 Scanning Electron Microscopy & Energy Dispersive X-Ray Spectroscopy (SEM/ EDX)

SEM/ EDX analyses elucidates both the morphology & the elemental composition of materials.
Cellulose acetate- zeolite nanocomposite morphology and elemental composition was visualized
using SEM/ EDX analysis. In the analysis, pristine zeolite, 40%, 20% and 10% nanocomposite
was analysed. The analysis showed a general increment in porosity of the material with the increase
in the ratio of the zeolite. Nanocomposites with lower zeolite loading (Fig. 4.7) showed a smoother
surface with large pores under SEM while those with a higher zeolite loading (Fig. 4.8) showed a

rougher surface with smaller pores.

>
et e

600pm ' Electron Image 1

Fig. 4.7. 10% Zeolite loading Fig. 4.8: 40% Zeolite loading

Fig. 4.9 shows the SEM micrograph of pristine zeolite showing angular crystal faces which
symbolize a highly crystalline structure. Figure 4.10 shows the EDX elemental analysis of the

pristine zeolite showing a high silicon, aluminum, oxygen and sodium content.
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Fig. 4.9: SEM for Pristine Zeolite

Fig. 4.10: EDX spectrum for Pristine Zeolite
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Fig. 4.11 shows the SEM micrograph for nanocomposite with 40% zeolite. The morphology
indicates a good dispersion of the zeolite particles within the polymer matrix. The EDX spectrum
(Fig. 4.12) shows an increase in the carbon peak symbolizing the incorporation of the cellulose

acetate into the nanocomposite material.

1 um EHT = 20.00 kV Signal A = SE1 Date :15 May 2017
WD= 9mm Mag = 20.00 K X Time :14:31:26

Fig. 4.11: SEM for 40% Zeolite

Fig. 4.12: EDX spectrum for 40% Zeolite
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Fig. 4.13 shows the SEM micrograph of 20% zeolite- loaded nanocomposite. The zeolite crystals
show good distribution however with a reduction in the number of pores. Fig. 4.14 shows an EDX
spectrum of the 20% zeolite- loaded nanocomposite. Since the percentage of cellulose is much
higher, the carbon peak is very high suppressing other elemental peaks such as those of Sodium,

Aluminum and Silicon.

SEM HV: 20.0 kV ‘ WD: 15.04 mm I I VEGA3 TESCAN

View field: 6.36 pm | Det: SE 1 pm
SEM MAG: 30.0 kx |Date(m/d/y): 10/03/17

Fig. 4.13: SEM for 20% Zeolite

Fig. 4.14: EDX spectrum for 20% Zeolite
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Fig. 4.15 shows the SEM micrograph for nanocomposite loaded with 10% zeolite. Due to poor
dispersion of the zeolite crystallites, the surface of the nanocomposite is dominated by the polymer
matrix. The EDX spectrum (Fig. 4.16) shows an increase in the carbon spectral peak showing the

high cellulose acetate content in the material.

SEM HV: 20.0 kV WD: 15.03 mm VEGA3 TESCAN
View field: 19.1 pm
SEM MAG: 10.0 kx |Date(m/d/y): 10/10/17

Fig. 4.15: SEM for 10% Zeolite

Fig. 4.16: EDX spectrum for 10% Zeolite
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4.5 Batch Adsorption Experiments

4.5.1 Effect of zeolite loading on adsorption
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Fig 4.17: Comparative analysis of adsorption of Lead and Cadmium ions onto nanocomposites
with different zeolite loadings (see Appendix 1).

According to Fig. 4.17, the optimum zeolite loading for maximum lead and cadmium adsorption
was 20% and 40% respectively. 97.20% of the lead ions and 85.06% of the cadmium ions were
sorbed. The adsorption behaviour for the varying ratios was Gaussian in nature with composites
with 10% and 50% zeolite loading having the lowest adsorption of the metals. The maximum
adsorption was at 20% for Lead and 40% for Cadmium. 10 % zeolite loading was below the
optimum polymer- silicate mixing ratio for maximum intercalation to occur as displayed by the
FTIR and XRD diagrams. Above 40% zeolite loading particle aggregation occurred due to their
low electro-kinetic potential (zeta potential) when under neutral pH conditions (Maurer &
Czarnetzki, 2001). Lead ions were also more readily adsorbed onto the 20% zeolite loaded

nanocomposite. This might be because 20% zeolite loaded nanocomposite had insufficient pores
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with adequate sizes to accommodate the larger tetra hydrated Cadmium ion (Kaya and Oren, 2005;
Wingenfelder et al., 2005). Thus the maximum adsorption of hydrated Cadmium ions occurred

with a zeolite loading of 40%.

4.4.2 Effect of contact time on adsorption
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Fig. 4.18: Comparative analysis of lead and cadmium sorption against time (See Appendix 2).

Figure 4.18 shows that the metal adsorption was rapid during the first 20 minutes because of
abundant available sites for metallic adsorption. With time the sites became occupied and the
adsorption slowed down until saturation was reached (Sharifipour et al., 2015). Zeolites have a
higher affinity for lead as compared to cadmium as illustrated by the following series: Pb?* >Cu?*
>Cd?* >Zn?* >Cr¥ >Co?* >Ni?* (Inglezakis et al, 2002). They seem to have a higher affinity for
metals with a larger ionic radius as described by Panayatova &Velikov (2002). In the study of
adsorption of lead with time, it is observed that initially adsorption increases linearly with time.
Very high initial adsorption rates were recorded before the adsorption values reached a plateau
(Buasri et al, 2008). The initial sorption of metals is very fast followed by a slower rate of sorption
where mush smaller amounts of the metal are taken up (Hamidpour et al, 2010). This happens due
to rapid initial occupation of the available sorbent sites. This process results into a saturation of
the sorbent sites leading to attainment of equilibrium (Zhang & Hou, 2008). As also reported by
Kaya and Oren, 2005; Wingenfelder et al., 2005, the adsorption large size of the cadmium nitrate

tetra hydrate ion onto the zeolite is hindered by small pores.
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4.4.2.1 Kinetic models for lead adsorption onto nanocomposites (See Appendix 3)
The adsorption of Lead onto nano-zeolites was plotted on both pseudo first order and pseudo

second order kinetic models. The results are indicated in figures 4.19 and 4.20 below.
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Fig 4.19: Pseudo First Order Kinetic Model for Lead adsorption onto nanocomposites.
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Fig 4.20: Pseudo Second Order Kinetic model of Lead adsorption onto nanocomposites.

The R? for the Pseudo first order plot was 0.913 (figure 4.20) while that for pseudo second order
was 1. Metal adsorption onto zeolites had a better pseudo second order kinetic model fit as reported
by both Sharifipour et al (2015) and Robati (2013).
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4.4.2.2. Kinetic models for cadmium adsorption onto nanocomposites (See Appendix 3)

The values for Cadmium adsorption from solution by nanocomposites were also fitted into the

pseudo first and pseudo second order kinetic models. The results are indicated in figures 4.21 and

4.22 below.
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Fig 4.21: Pseudo First Order Kinetic model for Cadmium adsorption onto nanocomposites.

The correlation for the pseudo first order model was 0.852 while that of the pseudo second model

was 0.982. The adsorption of cadmium also follows a pseudo second order model in agreement
with Chandra Rao et al, (2006).
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Fig 4.22: Pseudo Second Order Kinetic model for the adsorption of cadmium onto

nanocomposites.
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Table 4.4: The rate constants values from the pseudo order kinetic model for lead and cadmium

ions adsorption

Pseudo first order parameters

Pseudo second order parameters

Metal ion ki (s?) R? ko (M1s?) R?
Pb? 0.121 0.913 0.0966 1
Cd* 0.020 0.869 0.0063 0.982

The k constant for the pseudo order kinetic equations is a number that describes the attainment of

equilibrium by reactions over time. The pseudo-first order constant, ki describes the equilibrium

attainment when there is only one rate-limiting reactant while the pseudo second order constant,

k2 is important when there are two rate-limiting reactants. k2 is lower than ki because it displays a
higher sensitivity (Aly et al., 2014; Aly & Luca, 2013). The units for the pseudo first order reaction

(k1) is s while that of the pseudo second order reaction (k2) is M1.s?,

4.4.3 Effect of the adsorbent mass on adsorption

The percentage adsorption against the mass of the adsorbent for both Lead and Cadmium ions

were fitted in a graph as shown in figure 4.23 below. The comparison between adsorption capacity

and mass is depicted in figure 4.24.
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Fig 4.23: Comparative adsorption of Lead and Cadmium ions onto varying masses of zeolite

nanocomposites (See appendix 4).
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Metal removal from solution increased with the dosage of the adsorbent (Figure 4.23) due to an
increase in adsorbent sites allowing for a higher metallic uptake by the adsorbent (Kaya and Oren,
2005; Sari et al. 2007; Almeida et al, 2009).
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Figure 4.24: Mass of adsorbents vs adsorption capacity for metallic ions onto nanocomposites.

The increase in the mass of sorbent reduced the amount of ions sorbed per unit weight of sorbent
(Fig. 4.24). This happened due to overcrowding and overlapping of adsorbent particles as their
mass increased which led to overlapping of active sites present at the surfaces of adsorbents
(Chiron et al, 2003). As the mass of the adsorbent increased, the adsorbate (metal ion) had more
adsorption sites at its disposal leading to the distribution of metal ions across the increased
adsorbent surface thus lowering their density on the adsorbent. Therefore, according to Chen et al
(2010), the decrease in adsorption capacity (qe) at higher dosage is because of unsaturation of
adsorbent sites because of increase in adsorbent mass. The adsorption of cadmium ions at a lower
adsorbent dosage were impeded probably due to the large cadmium nitrate tetra-hydrate ions
having few adsorption sites due to the low adsorbent dosage. At low adsorbent dosage, percentage
adsorption of lead was higher than for cadmium. At lower adsorbent masses, the adsorption of

cadmium was curtailed because of the ionic size of the salt used (cadmium nitrate tetrahydrate).

4.4.4 Effect of varying metallic ion concentration on adsorption
The values for varying adsorption of both Lead and Cadmium dependent on the metallic ion

concentration are depicted in figures 4.25 and 4.26.
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Fig. 4.25: Comparative Adsorption of Lead and Cadmium ions on varying concentrations of

metallic ions in solution (See Appendix 5).

Varying metallic concentrations is a good way to determine the nature of an adsorbent. Kq values
illustrate the ratio between the ions adsorbed onto the nanocomposite at equilibrium (ge) and the
ions in solution at equilibrium (Ce). The Kg values (ge/ Ce) increase with the dilution of metal ions
in solution (Figure 4.25). Higher Ky values at lower metallic concentrations is because of
adsorption sites having higher binding energies and selectivity for ions. However, at higher
concentrations, there is a reduction in binding energy because of occupation of sorption sites
resulting into lower Ky values (Shaheen et al., 2009; Saha et al., 2002). At higher concentrations,
the ratio of occupied adsorption sites to the non-occupied ones was less as compared to the number
of adsorbate particles present in solution. Therefore, diffusion of these adsorbates (Pb?* and Cd?*)
through the active pore sites of the adsorbent became highly competitive and the saturation of these
sites was rapidly attained resulting in low percentage removal of the heavy metals (Nameni et al.,
2008; Tiwari et al., 2007). There was a higher cation uptake at lower concentrations because of
more adsorption sites being available. At higher concentrations, the metal ions saturated the
adsorption sites resulting into a low cation uptake and decreased adsorption rate (Gunay et al.,

2007).
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Figure 4.26: Adsorption capacity of nanocomposite vs concentration of metallic ions.

The relation between the adsorption capacity of the adsorbent and metal concentration has been
evaluated. Adsorption capacity generally increased as the concentration of ions in solution also
increased (Ali et al., 2012; Naidu et al., 2013). This is because at a higher metallic concentration,
the probability of adsorbate- adsorbent collision and subsequent adsorption is much higher than
when the metal concentration was low (lsa, et al., 2008). There was however a lower adsorption
capacity demonstrated at higher cadmium ion concentrations probably due to the cadmium nitrate
tetra-hydrate ions being inhibited due to their size. It can also be seen from figure 4.26, the
percentage adsorption of cadmium onto the zeolite reduces for higher metallic concentrations
compared to lead. The adsorbent demonstrates a lower adsorption capacity of cadmium adsorption
at higher concentrations due to the large size of the cadmium salt used (cadmium nitrate

tetrahydrate).

4.4.5 Effect of pH on adsorption.
The adsorption of both Lead and Cadmium was determined under different pH conditions as

indicated in Figure 4.27 below.
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Fig 4.27: Effect of pH on the adsorption of Lead and Cadmium ions onto nanocomposites (See
Appendix 6).

Figure 4.27 shows the percentage adsorption as a function of pH value. At very low pH, very little
adsorption takes place. The percentage increase in adsorption with an increase in pH until at a pH
of 8 where maximum removal of lead takes place. Cadmium removal is maximum at a pH of 10
due precipitation of the hydroxide. At low pH of 3 and below, the zeolite surface is occupied by
H* ions which make it harder for metallic adsorption to take place (Tobin et al., 1984) because of
high binding site competition between the hydrogen ions (H") and the metallic species (M%)
(Yakout & Ali, 2011). Adsorption of Cd?* and Pb?* onto the Zeolites generally increases as the pH
increases. When the pH > 6, the percentage removal of metals was high due to precipitation of
metals complexes (Sparks, 2003). At low pH (<4), the predominant cadmium species is Cd?*.
Other species such as Cd (OH) 2 and Cd (OH) * exist in very small amounts. There is competition
between H* and metallic ions for uptake onto adsorption sites (Kaya and Oren, 2005). Almost no
Cd?* removal was found when the operated pH was in more acidic conditions (pH 2) (Yao-Jen et
al., 2012). Lead was best removed at pHe 6-9, when the prevailing species were Pb?*. When the
pH>10, there is a slight decrease in the uptake of lead because of anionic hydroxo- complexes
formation such as Pb (OH) & which have a low affinity for the cation exchange sites on the zeolites.
Cadmium of the other hand does not form these complexes thus ends up being more effectively
(Morel and Hering, 1993) removed by precipitation at very high pH values where Cd (OH) »
species prevail (Vaca-Mier et al., 2001). The higher removal of cadmium as compared to lead at

high pH can therefore be due to the ease of precipitation of Cadmium ions as compared to the Lead
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ions and not adsorption onto the zeolite nanocomposites. The low adsorption capacity of the
zeolites at pH of less than 5 can be attributed to the dissolution of the zeolite crystal structure by

the acidic medium (Ali & Abidin, 2006).
4.4.6 Effect of temperature on adsorption

The percentage metallic adsorption was plotted against temperature (figure 4.28). The Van’t Hoff
Thermodynamic plots for the adsorption of both metals were also plotted (figure 4.29 and figure

4.30).
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Fig: 4.28. Comparative percentage adsorption of Lead and Cadmium ions onto nanocomposites

against temperature (See Appendix 7)

The Van’t Hoff thermodynamic plots were used to determine whether a reaction is exothermic or

endothermic in nature. They can be derived from the following expression:

—AH® = AS°
In Kd = _RT + R

... Equation 4.2

Where: Kq is the adsorption constant at equilibrium; AH® is the molar enthalpy of adsorption; AS°
is the molar entropy of adsorption; R is the ideal gas constant; T is the absolute temperature in K.
The van’t Hoff plot shows that metallic adsorption onto the nanocomposites is an endothermic

reaction.
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Fig 4.29: Van’t Hoff Thermodynamic plot for lead adsorption onto nanocomposites.
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Fig 4.30: Van’t Hoff Thermodynamic plot for Cadmium adsorption onto nanocomposites.

The thermodynamic parameters for the adsorption process can be represented below for both

metals:
AG°=AH°-TA

S°...Equation 4.3

Table 4.5: The thermodynamic parameters for the adsorption of lead and cadmium onto

nanocomposite

Metal ion AH® (kJ/mol.)  AS° (J/mol.K) AG°(298K) AG°(323K) AGO(343K)
Pb2* 37.87 150.65 -7.024 -10.790 -13.810
Cd* 41.43 142.40 -0.887 -4.437 -1.277
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The molar enthalpy of adsorption (AH®) for both metals (Table 4.5) is positive signifying that the
adsorption reactions are endothermic in nature. It is also above 20kJ/mol. signifying that the
adsorption reactions have a greater energy requirement than normal physisorption reactions as
stated by Atkins (1999) thus could be termed as weakly chemisorptive in nature. This is supported
by the fact that the heavy metal cations get adsorbed onto specific sites on the nanocomposites and
not generally on the surface of the adsorbent. Also, it can be noted that the energy requirement for
Cd?* is slightly higher than that of Pb?* signifying that the affinity for Pb (I1) ions for zeolite is
higher than that of Cd (IT) ions. The standard molar entropy of adsorption (AS°) is also positive for
both metals. It means that the adsorbent/ adsorbate system results in a higher increase in disorder
as compared to them existing independently within the same system. However, the adsorption of
Pb (1) results into a larger positive entropic change as compared to Cd (11). The higher affinity
that the nanocomposites have for the Pb (1) ions is also driven by the higher increase in entropy
generated by their adsorption as compared to Cd (11) ions. A lower AH® and a higher AS° increase
the AG® of the adsorption system. Pb (1) ions are more spontaneously adsorbed as compared to
Cd (I1) ions at all the temperatures used. Thus these results agree with the earlier obtained results

that lead adsorption is higher for all the assessed parameters.

4.4.7 Effect of regeneration by acid conditioning
Regeneration of the nanocomposite was done using HCI acid. The effect of 3 cycles of regenerative
adsorption by nanocomposites after regeneration is depicted in Figure 4.29 below.
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Fig 4.31: Adsorption of lead and cadmium on regenerated nanocomposites for three cycles
(Appendix 8).
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Acid condition of used zeolites for regeneration improved the adsorbent’s cation exchange
capacity due to removal of bound cations and amorphous silica fragments which would prevent
adsorption (Tsitsishvili et al., 1992; Athanasiadis & Helmreich, 2005). The higher affinity of the
H+ ions for the zeolite pores compared to the metallic species at low pH enabled substitution of
the metallic spp. with the H+ ions on the zeolite surface. In acidic medium, the hydroxonium ions
replaced the bound metallic ions regenerating the nanocomposite for further adsorption
experiments (Mthombo et al., 2011). Lead adsorption (30ppm) from solution reduced from
91.47% (first cycle) to 46.67% (second cycle) then to 25.98% (third cycle) after regeneration due
to acid conditioning. Cadmium adsorption (30ppm) from solution reduced from 65.67% (first
cycle) to 35.5% (second cycle). It further reduced to 21.43% during the third adsorption cycle.
This implies that the samples can be reused but with a lower adsorption efficiency. The
regeneration of the adsorption sites using KCI or NaCl could be better because the Na* and K* ions

are much more easily exchanged with Pb?* and Cd?* ions than H* ions in solution.

4.5 Adsorption Isotherms
Metal adsorption was fitted onto the Langmuir, Freundlich, Tempkin, Dubinin-Radushkevich and
Flory-Huggins isotherms and best linear correlations determined to illustrate the adsorption

behaviour.

4.5.1 Langmuir Adsorption Isotherm.

The Langmuir equation is written as follows:
_ VnKCe ,
Qe = THK.C, Equation 4.4

It can be linearized into the following expression:

C 1 C .
== + —= ...Equation 4.5
de KiVin Vi

Where: C. is the metallic concentration at equilibrium (mg/l); ge is the metallic ions adsorbed at
equilibrium (mg/g); Kc is the Langmuir isotherm constant; Vi is the maximum capacity for

monolayer coverage (mg/g).

Graph Plot: %vs Ce

Where:

1/ Vm is the slope & & !

is the y- intercept.
KiVin
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Vm determines the usage of the adsorbent. If it is greater than 1, then it means that the ions would
be removed more effectively if they have a higher concentration while if it’s less than 1, then the
ions would be removed more effectively if their concentration is lowered (Wallace et al, 2003,
Malakootian et al, 2009). The adsorption curves of Lead and Cadmium were fitted onto the

Langmuir Isotherm as shown in Figure 4.30 and 4.31.
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Fig 4.32: Langmuir Isotherm for Lead adsorption onto nanocomposites.
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Fig 4.33: Langmuir Isotherm for Cadmium adsorption onto nanocomposites.

In the experiment, the equilibrium concentration (C.) for the Langmuir Isotherm for Pb?* was
determined to be much lower than that of Cd?*. Pb?* had a maximum Ce of 13.99 mg/L while Cd?*

had a maximum C. of 57.45 mg/L. This showed lead adsorption at equilibrium was higher than
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that of cadmium. The Langmuir isotherm is the best fit for adsorption of both Pb?* (Figure 4.32)
and Cd?* (Figure 4.20). R? for Cd?* was 0.996 while the R? for Pb?* was 0.985. The good fit in the
Langmuir isotherm is an indication of monolayer adsorption which favors occupation of a specific
number of adsorption sites (Mthombo et al., 2011, 2009; Mishra et al., 2013).

RL is an important dimensionless Langmuir equilibrium parameter (Weber & Chakravarti, 1974)

which can be mathematically expressed as follows in Equation 4.6:

1
R, =
L™ s

K. --- Equation 4.6

Co

Where: Co is initial concentration; K is the Langmuir isotherm constant. The adsorption can be
termed as irreversible if R. is equal to zero, favorable if O<R.<1, unfavorable when R >1 and
linear when Ry is equal to 1 (Oke et al, 2008; Saswati & Ghosh, 2005). The adsorption nature of

Pb?*and Cd?* show a favourable behaviour (Table 4.6) based on Langmuir adsorption isotherm.

Table 4.6: Langmuir Isotherm parameters for lead and cadmium adsorption onto nanocomposites

Metal Langmuir isotherm Maximum monolayer Equilibrium
ion constant (Ki) coverage capacity (Vm) R? parameter(RL)
Pb2* 0.933 71.43 0.985 0.0141
Cd?* 0.521 40.00 0.996 0.0249

4.5.2 Freundlich Adsorption Isotherm

The Freundlich Isotherm equation can be written as:

de = Kg Cei ... Equation 4.7

And can be linearized the following way:

logq, = logKp + %log Ce ... Equation 4.8

Where: ge is the metal adsorption capacity of the nanocomposite at equilibrium (mg of metal ion
adsorbed/g of adsorbent); Ce is the metal concentration at equilibrium (mg/L); Kr and n are the
Freundlich constants which determine the curvature and steepness of the isotherm.

Graph Plot: log ge vs log Ce
Where

1, . .
—is the slope and log KFr is the y- intercept.
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The adsorption curves of Lead and Cadmium were fitted in the Freundlich Isotherm as depicted in
Figure 4.34 and Figure 4.35.
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Fig 4.34: Freundlich Isotherm for Lead adsorption onto the nanocomposite.
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Fig 4.35: Freundlich Isotherm for the adsorption of Cadmium onto the nanocomposites.

The lower log C. for Pb?* (Figure 4.34) compared to those of Cd?* (Figure 4.35) showed that the
remaining metallic conc. after adsorption is lower for Pb?* than for Cd?*. The adsorption of Pb*
is therefore higher than Cd?*. The lower log ge values for Cd?* compared to those of Pb?* showed
a higher affinity for Pb2* ions than for Cd?* ions. The linear regression for Pb?* for the Freundlich
isotherm was 0.829 while it was 0.941 for Cd?".
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Table 4.7: Freundlich Isotherm Parameters for lead and cadmium adsorption onto nanocomposites

Kr Freundlich constant 1/n Freundlich constant
Metal ions (for isotherm curvature) (for isotherm steepness) R?
Pb?* 44,361 0.121 0.829
Cd?* 23.014 0.133 0.941

The values of % obtained for the adsorption of lead and cadmium had a range of 0< % <1 (Table

4.7) indicating that the adsorption process of both metals was spontaneous (Goldberg, 2005). Kr,
which approximately indicates sorption capacity shows that Pb?" adsorption was significantly
higher than that of Cd?* (Table 4.7).

4.5.3 Tempkin Adsorption Isotherm

The Tempkin Isotherm can be represented as follows:

RT

Qe = m ... Equation 4.9

And can be linearized as follows:
e = §lnAt + §ln Ce ... Equation 4.10
T T

Graph Plot: ge vs In Ce

Where: At is Tempkin isotherm equilibrium binding constant (L/ g); bt is the Tempkin Isotherm
constant; R is the Universal Gas Constant (8.314 x 10 kJ mol™ K™): T is the Temperature at
298K. The adsorption curves for Lead and Cadmium were fitted into the Tempkin Isotherm as
depicted in Figure 4.36 and 4.37.
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Fig 4.36: Tempkin Isotherm for the adsorption of Lead onto nanocomposites.
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Fig 4.37: Tempkin Isotherm for the adsorption of Cadmium onto nanocomposites.

Table 4.8: Tempkin isotherm parameters for lead and cadmium adsorption onto hanocomposites

Tempkin isotherm equilibrium ~ Tempkin isotherm

Metal ion binding constant (Ar) constant (br) R?
Pb2* 3.976 583.369 0.827
Cd?* 0.301 621.257 0.951

The Temkin Isotherm binding constant, Ar, indicated a higher affinity for Pb* than that of Cd?*
ions. Lead ions had an At of 3.976 L/g while that of Cadmium was 0.301 L/g (Table 4.8) showing
that the nanocomposite had a higher affinity for Lead than for Cadmium. These results are similar
to findings from Farouq & Yousef (2015) whereby the At for Copper ion adsorption onto mussels
was found to be 3.969L/g. Gunay et al (2007) also found out that the adsorption of Lead onto raw
Clinoptilotite had an At of 2.091 L/g.

4.5.4 Dubinin- Radushkevich Adsorption Isotherm
The Dubinin- Radushkevich (DR) adsorption isotherm can be represented by the following
expression:

Je = (s €Xp (—BEZ) ...Equation 4.11

And can be linearized as follows:

Inq, = Inq, — BE? ...Equation 4.12
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Graph Plot: In ge vs €2
Where: gs is the maximum adsorption capacity (mg/g); ge represents the adsorption capacity at

equilibrium (mg/g); P is an activity coefficient constant related to adsorption energy (mol? J2)

which can be related to the following expression- E :é; € is the Polanyi potential which can be

represented as € =RT In(1 + Ci) ; E is the Mean free energy of adsorption (kJ mol™) (Erhayem et

al., 2015; Horsfall et al., 2004). The adsorption curves for Lead and Cadmium were plotted on the
Dubinin Radushkevich Isotherm as depicted in Figures 4.38 and 4.39 below.
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Fig 4.38: Dubinin Radushkevich Isotherm for Lead adsorption onto nanocomposites.
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Fig 4.39: Dubinin Radushkevich Isotherm for Cadmium adsorption onto nanocomposites.
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Table 4.9: Dubinin- Radushkevich isotherm parameters for lead and cadmium adsorption onto

nanocomposites

Metal Maximum sorption  Activity coefficient Ave. Energy of adsorption
ion R?  capacity (gs, (mg/g))  constant (B (mol? J?)) (E (kJ mol?))

Pb2* 0.95 47.79 -3x 108 -4.082

Cd* 0.93 35.73 -2 x 107 -1.581

The DKR isotherm shows a good linear regression with the adsorption of Pb?* (Figure 4.38) and
Cd?* (Figure 4.39) ions. Metal adsorption onto the nanocomposites is energy dependent. The
lowest energy sites are occupied first by the metal ions followed by the higher energy sites. The
average energy of adsorption for both metal ions (Table 4.9) seem to correlate well with those
determined using thermodynamic experiments since the adsorption of lead has a higher
spontaneity compared to that of cadmium ions in both cases.

4.5.5 Flory- Huggins Adsorption Isotherm
The Flory- Huggins Isotherm can be represented as follows:

cg = Ky (1 — ©)"FH . Equation 4.13
o
And can be linearized as follows:

logcg = logKry + npy log(1 — ©) ... Equation 4.14
Plot: log C3 vs log (1- ©)

Where: © is the surface coverage degree; Co is the Adsorbate initial concentration (mg/g); Nex is
the Flory- Huggins Isotherm model exponent; Krn is the Flory- Huggins Isotherm equilibrium
constant (L/ g).

© can be calculated as:

0= 1E—Ce ... Equation 4.15

o

Where: Ce is the concentration of the adsorbate at equilibrium (mg/L); C, is the Adsorbate initial
concentration (mg/L). The adsorption curves for both Lead and Cadmium were fitted into the

Flory-Huggins isotherm as depicted in Figure 4.40 and 4.41.
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Fig 4.41: Flory- Huggins Isotherm for Cadmium adsorption onto nanocomposites.

Table 4.10: Flory- Huggins Isotherm Parameters for lead and cadmium adsorption onto

nanocomposites

Metal Flory- Huggins isotherm Flory- Huggins isotherm
ion R? equilibrium constant (Krv)  model exponent (nrH)
Pb?* 0.913 5.75x 10 -0.573

Cd? 0.872 3.68 x 1073 -1.205
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The linear regression for the adsorption of both Pb?* (Fig. 4.40) and Cd?" (Fig. 4.41) ions was
acceptable when plotted on the Flory- Huggins Isotherm. The Flory-Huggins adsorption constant
for Lead (5.75x107%) ions was higher than that of Cadmium ions (3.68x10®). Lead ions showed a
stronger adsorption onto zeolites compared to Cadmium because of their more negative Gibbs
energy. Nechifor et al (2015) showed that the Flory Huggins constants for phosphate adsorption
onto cellulose were governed by the Gibbs energy of adsorption at that particular temperature.
Adsorption of Phosphate ions onto 10pum cellulose membrane showed a AG® of -39.10 kJ/ mol.
while for 50 um showed a AG° of -55.8kJ/mol. The Krx for the 10um membrane adsorption was
9x10°® while that of the 50 um was 1.12. The isotherm constant (Kr) shows more affinity for Pb?*
by the nanocomposites than Cd?*. The x-axis for Pb?* has a plot of higher negative values than for
Cd?* (Table 4.10) showing that the surface coverage of the nanocomposites by Pb (11) ions is higher
than that of Cd (11) ions because of the higher affinity the nanocomposites have for Pb (I1) ions.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Zeolite/ Cellulose acetate nanocomposites were successfully synthesized and were found to be
very useful for effective heavy metal removal from aqueous systems. They were successfully
characterized using FTIR, SEM, EDX and powder XRD methods to reveal their bond structure,
crystallinity and morphology. They removed upto 96.7% of Lead ions and 85.06% of Cadmium
ions from solution. The effectiveness of heavy metal removal was assessed under varied conditions
including as pH, temperature, contact time, zeolite percentage loading, concentration of the
metallic ions and adsorbent dosage. The heavy metal removal was found to be more accurately
estimated by the Langmuir Isotherm predicting a high likelihood of monolayer adsorption. At low
pH, heavy metal removal was slowed by competition between metal and hydrogen ions. The
optimum pH for optimum heavy metal removal from solution was found to be between 6- 9. At
this pH range, 100% of the Lead ions and 87.2%- 93.6% of the Cadmium ions were sorbed by the
nanocomposites. The adsorption of both metals was found to be endothermic (increases with
increase in temperature) with maximum adsorption taking place at a temperature of 343K. The
removal of the metals from solution increased with contact time. The maximum amount was
adsorbed after 75 minutes. Sorption of both metals fitted better in the pseudo second order Kinetic
model compared to the pseudo first order model. 20% Zeolite loading was optimum for the lead
removal from solution while 40% zeolite loading was optimum for the Cadmium ion removal. As
the concentration of the metallic ions increased, their percentage removal from solution reduced
significantly. 98.87% of Lead ions were removed from 15ppm solution while only 39.35% was
removed from 75ppm solution after 75 minutes contact time while the values for Cadmium were
91.87% for 15ppm solution and 23.40% for 75ppm solution. As the adsorbent dosage increased,
more metal ions were removed from solution. The metallic adsorption was plotted on Langmuir,
Freundlich, Tempkin, Dubinin- Radushkevich and Flory- Huggins isotherms. The Langmuir
isotherm fitted best for both metal ions with lead ions having a correlation (R?) of 0.985 while that

of cadmium being 0.996.
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5.2 Recommendations

1. Fabrication of zeolite-polymer composites could be done using other polymers such as
polyacrylamide, poly (metha) methacrylate or polyvinyl alcohol and tested for heavy metals
adsorption.

2. Employment of the nanocomposites in heavy metal removal from real water samples.

3. An adsorption isothermal study can be carried for both lead and cadmium at different

temperatures.

4. Column adsorption experiments could be carried out to estimate the breakthrough curves for the

adsorption of both lead and cadmium using the nanocomposites.

5. Comparative regeneration studies could be carried out using different salts such as KCI, NaCl
and NH4CI.
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APPENDICES

Appendix 1: Effect of varying zeolite ratios on adsorption

lons lons lons lons Std. %
Zeolite adsorbe | adsorbed | adsorbed | adsorbed | Deviatio | adsorpti
Ratio (%) | dinmg/l | in mg/L inmg/L | in mg/L n on
Lead |_ 1st 2nd 3rd
(Initial reading | reading reading | mean
Conc 10.00 | 13.2000 13.0800 | 13.2500 13.1800 0.0875 87.87%
of 15 20.00 | 14.6100 14.6300 | 14.4900 14.5800 0.0758 97.20%
mg/L) 30.00 | 14.5200 14,5100 | 14.4600 14.5000 0.0324 | 96.70%
40.00 | 14.3500 14.4000 | 14.3700 14.3700 0.0254 95.80%
50.00 | 14.2300 14.2100 | 14.1700 14.2000 0.0308 94.67%
lons lons lons lons Std %
Zeolite adsorbed | adsorbed | adsorbed | adsorbed | Deviatio | adsorptio
Ratio (%) |[inmg/L |inmg/L |inmg/L |inmg/L n n
Cadmi | _ 1st 2nd 3rd
um reading | reading reading | mean
(Initial 10.00 4.1100 4.2800 4.2600 4.2200 0.0930 28.10%
Conc 20.00 | 10.8500 10.8300 | 10.8600 10.8500 0.0158 72.30%
of 15 30.00 | 11.9700 11.9500 | 11.9700 11.9600 0.0122 79.73%
mg/L) 40.00 | 127600 | 127700 | 12.7500| 12.7600 | 0.0100 | 85.06%
50.00 | 11.2500 11.1600 | 11.1800 11.2000 0.0474 74.67%
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Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average \Variance
Row 1 2 174 8.7 40.1408
Row 2 2 2543 12.715 6.95645
Row 3 2 26.46 13.23 3.2258
Row 4 2 27.13 13.565 1.29605
Row 5 2 254 12.7 4.5
Column 1 5 50.99 10.198 11.70852
Column 2 5 70.83 14.166  0.32448
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 31.37546 4 7.843865 1.872431 0.27921 6.388233
Columns 39.36256 1 39.36256 9.396346 0.037463 7.708647
Error 16.75654 4 4.189135
Total 87.49456 9
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Appendix 2: Effect of contact time on adsorption

lons lons lons
lons adsorbe | adsorbe | adsorbe | Std %
Time adsorbed | din din din Deviatio | Adsorptio
(Mins) | in mg/L mg/L mg/L mg/L n n
Cadmium 1st 2nd 3rd
lon Conc. reading reading | reading | Mean
(15mg/L) 0 0.0000 0.0000 | 0.0000 | 0.0000 0.0000 0.00%
5 7.7700 7.7000 | 7.8100 | 7.7700 0.0557 51.80%
10 8.2800 8.3900 | 8.3000 | 8.3200 0.0587 55.47%
20 9.0000 8.9300 | 8.9900 | 8.9700 0.0381 59.80%
40 10.6200 | 10.8100 | 10.7300 | 10.7200 0.0954 71.47%
75 12.6700 | 12.8200 | 12.8800 | 12.7900 0.1082 85.27%
lons lons lons
lons adsorbe | adsorbe | adsorbe | Std %
Time | adsorbed |din din din Deviatio | Adsorptio
(Mins) | in mg/L mg/L mg/L mg/L n n
1st 2nd 3rd
reading reading reading | Mean
Lead lon 0 0.0000 0.0000 | 0.0000 | 0.0000 0.0000 0.00%
conc. 5 13.4000 | 13.3200 | 13.3500 | 13.3600 0.0406 89.10%
(15mg/L) 10 14.3300 | 14.3400 | 14.3300 | 14.3300 0.0071 95.53%
20 14.7500 | 14.7400 | 14.7500 | 14.7500 0.0071 98.33%
40 14.7800 | 14.7600 | 14.7500 | 14.7600 0.0159 98.40%
75 14.8300 | 14.8400 | 14.8100 | 14.8300 0.0158 98.87%
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Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average Variance
Row 1 2 0 0 0
Row 2 2 21.13 10.565 15.62405
Row 3 2 22.65 11.325 18.06005
Row 4 2 23.72 11.86 16.7042
Row 5 2 25.48 12.74 8.1608
Row 6 2 27.62 13.81 2.0808
Column1 6 48.57 8.095 19.07691
Column 2 6 72.03 12.005 34.89347
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 255.0863 5 51.01726 17.27572 0.003584 5.050329
Columns 45.8643 1 45.8643 15.53079 0.01095 6.607891
Error 14.7656 5 295312
Total 315.7162 11
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Appendix 3: Kinetic data for adsorption experiments

_{(€;=C.)mgl™' % 0.11}  15mgl™' = 0.11
e = 0.04g ~ T 0.04g

= 37.5mgg~*Max adsorption capacity

_{(¢; = C)mgl™" % 0.11}
&= 0.04g

C; is the initial concentration of the metal ions (15mg/l); C, is the equilibrium concentration after
maximum adsorption; C; is the concentration after time t.

Linear form of pseudo first order kinetic equation:

In(ge — q¢) =Inqe — kyt

q. is the maximum equilibrium adsorption capacity; g; is the adsorption capacity at time t; k; is

the 1st order kinetic constant.

Pseudo first order data for cadmium adsorption onto nanocomposites

Time ge (Max gt (adsorption Qe - qt (Mg/qg) In(ge - Q¢
min adsorption capacity at time tin
capacity in mg/g) mg/q)

0 37.500 0.000 37.500 3.624

5 37.500 19.425 18.075 2.895
10 37.500 20.800 16.700 2.815
20 37.500 22.425 15.075 2.713
40 37.500 26.800 10.700 2.370
75 37.500 31.975 5.525 1.709
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Pseudo first order data for lead adsorption onto nanocomposites

Time Qe (Max gt (adsorption Qe - gt (Mg/g) In(ge - at
min adsorption capacity at time tin
capacity in mg/g) mg/q)

0 37.500 0.000 37.500 3.624

5 37.500 33.400 4.100 1.411
10 37.500 35.825 1.675 0.516
20 37.500 36.875 0.625 -0.470
40 37.500 36.900 0.600 -0.511
75 37.500 37.075 0.425 -0.856

Linear form of pseudo second order kinetic equation:

t 1 N t
q kq¢ qe
Where:

k., is the rate constant of adsorption; ge the amount of ions adsorbed at equilibrium (mg/g); q is the

amount of ions adsorbed on the surface of the adsorbent at any time t (mg/g).

Pseudo second order data for Cadmium adsorption onto nanocomposites

Time (tin min) g (amount adsorbed at time t in t/gq
mg/l)
0 0.000 0.000
5 19.425 0.257
10 20.800 0.481
20 22.425 0.892
40 26.800 1.493
75 31.975 2.346
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Pseudo second order data for lead adsorption onto nanocomposites

Time (tin min) g (amount adsorbed at time t in t/g
mag/l)
0 0.000 0.000
5 33.400 0.150
10 35.825 0.279
20 36.875 0.542
40 36.900 1.084
75 37.075 2.023
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Appendix 4: Effect of nanocomposite mass on adsorption
lons
adsorbe | lons lons lons %
Adsorbent | din adsorbed | adsorbed | adsorbed | Std. adsorptio
Cadmiu | mass () mg/L in mg/L inmg/L | inmg/L | Deviation | n
m ) 1st 2nd 3rd
(Initial reading | reading reading | Mean
Conc of | 0.02 7.0800 7.0600 7.0100 7.0500 0.0361 26.11%
27mg/L) | 0.04 17.5900 17.6400 | 17.6200 | 17.6200 0.0255 65.26%
0.05 20.4500 20.4500 | 20.4100 | 20.4400 0.0234 75.70%
0.06 23.4100 23.4200 | 23.3400 | 23.3900 0.0436 86.63%
lons lons lons lons
Adsorbent | adsorbed | adsorbed | adsorbed | adsorbed | Std. %
mass (9) inmg/L | in mg/L inmg/L | inmg/L | Deviation | adsorption
Lead - 1st 2nd 3rd
(Initial reading | reading reading | Mean
Conc of | 0.02 13.0100 12.9900 | 12.9800 | 12.9900 0.0158 48.00%
27mg/L) | 0.04 20.5300 20.5400 | 20.5100 | 20.5300 0.0158 76.00%
0.05 24.4500 24.5200 | 24.4600 | 24.4800 0.0381 90.67%
0.06 26.1200 26.1600 | 26.1400 | 26.1400 0.0200 96.81%
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Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average Variance
Row 1 2 20.04 10.02 17.6418
Row 2 2 38.15 19.075 4.23405
Row 3 2 4492 22.46 8.1608
Row 4 2 49.53 24.765 3.78125
Column 1 4 68.5 17.125 50.66337
Column 2 4 84.14 21.035 34.30203
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 251.6545 3 83.88483 77.63041 0.002425 9.276628
Columns 30.5762 1 30.5762 28.29645 0.012978 10.12796
Error 3.2417 3 1.080567
Total 285.4724 7
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Appendix 5: Effect of metal ion concentration on adsorption

Original | lons lons lons lons

Concin | adsorbed | adsorbed | adsorbed | adsorbed | Std. %

mg/L Inmg/L |inmg/L |inmg/L |inmg/L | Deviation | adsorption

) 1st 2nd 3rd

reading | reading | reading | Mean
15 13.7600 | 13.7500 | 13.8300| 13.7800 0.0436 91.87%
Cadmium | 30 20.2700 | 20.3400 | 20.3200 | 20.3100 0.0361 67.70%

45 20.1700 | 20.6100 | 20.5700 | 20.4500 0.2433 45.44%

60 10.2500 | 10.2600 | 10.4000 | 10.3000 0.0839 17.17%

75 17.5300 | 17.5800| 17.5400| 17.5500 0.0264 23.40%
Original | lons lons lons lons
Conc in | Adsorbed | adsorbed | Adsorbed | adsorbed | Std. %
mg/L inmg/L |inmg/L |inmg/L |inmg/L | Deviation |adsorption
) 1st 2nd 3rd

reading reading | reading mean
15 14.8500 | 14.8400 | 14.8000 | 14.8300 0.0264 98.87%
Lead 30 27.4000 | 27.4600 | 27.4700 | 27.4400 0.0381 91.47%

45 26.2400 | 26.2500 | 26.2400 | 26.2400 0.0071 58.31%
60 31.3500 | 31.2800 | 31.2700 | 31.3000 0.0436 52.66%
75 29.4400 | 29.4300 | 29.4500 | 29.4400 0.0100 39.25%
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Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance
Row 1 2 2861 14.305 0.55125
Row 2 2 47.75 23.875 25.41845
Row 3 2 46.69 23.345 16.76205
Row 4 2 41.6 20.8 220.5
Row 5 2 46.99 23.495 70.68605
Column 1 5 8239 16.478 19.26427
Column 2 5 129.25 25.85 41.6778
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 129.43644 4 3235911 1.132112 0.453587 6.388233
Columns 219.58596 1 219.586 7.682408 0.050243 7.708647
Error 114.33184 4 28.58296
Total 463.35424 9
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Appendix 6: Effect of pH on the adsorption

lons lons lons lons
adsorbed | adsorbed in | adsorbed in | adsorbed | Std. %
pH in mg/L mg/L mg/L in mg/L Deviation | adsorption
Cadmium 1st 2nd
Initial reading reading 3rd reading | Mean
(Conc.of | 3.02 1.1400 1.1500 1.1900 1.1600 0.0265 6.40%
18mg/L) | 4.00 1.8000 1.5000 2.0100 | 1.7700| 0.2563 9.80%
6.06 15.7100 15.6800 15.7100 | 15.7000 0.0173 87.20%
9.08 16.7900 16.8500 16.8800 | 16.8400 0.0458 93.60%
10.08 | ND ND ND 18.0000 | N/A 100.00%
lons lons lons lons
adsorbed adsorbed in | adsorbed in | adsorbed | Std. %
pH in mg/L mg/L mg/L in mg/L Deviation | adsorption
Lead 2nd
Initial 1st reading | reading 3rd reading | Mean
(Conc. 3.02 0.1100 0.1100 0.1000 0.1100 0.0071 0.60%
Of 4.00 9.8400 9.8900 9.8200 9.8500 0.0361 57.72%
18mg/L) | 6.06 | ND ND ND 18.0000 | N/A 100.00%
9.08 | ND ND ND 18.0000 | N/A 100.00%
10.08 15.8100 15.8500 15.8300 15.8300 0.0200 87.94%
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Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average Variance
Row 1 2 127 0.635 0.55125
Row 2 2 11.62 5.81 32.6432
Row 3 2 337 16.85 2.645
Row 4 2 34.84 17.42 0.6728
Row 5 2 33.83 16.915  2.35445
Column1 5 53.47 10.694 71.68648
Column 2 5 61.79 12.358 58.00567
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 486.82414 4 121.706  15.2397 0.010908 6.388233
Columns 6.92224 1 6.92224 0.866784 0.404549 7.708647
Error 31.94446 4 7.986115
Total 525.69084 9
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Appendix 7: Effect of temperature on metal ion adsorption

lons lons lons lons
Initial adsorbed | adsorbed | adsorbed | adsorbed
Pb Temp inmg/L | inmg/L | inmg/L | inmg/L Std.
Conc (K) 15t 2nd 3rd mean Deviation | %Adsorption
of 298K 13.3200 | 13.4000 | 13.3000 | 13.3700 0.0608 89.10%
15mg/l | 323K 14.8000 | 14.7200 | 14.8200 | 14.7800 0.0529 98.50%
343K 147900 | 14.8900 | 14.7500 | 14.8100 0.0721 98.70%
lons lons lons lons
Initial adsorbed | adsorbed | adsorbed | adsorbed
Cd Temp inmg/L | inmg/L | inmg/L | inmg/L Std.
Conc (K) 1st 2nd 3rd mean Deviation | %Adsorption
of 298K 7.7100 7.7800 7.8200 7.7700 0.0557 51.80%
15mg/l | 323K 13.2400 | 13.1000 | 13.2000 | 13.1800 0.0721 87.87%
343K 13.2700 | 13.3200 | 13.2800 | 13.2900 0.0264 88.60%
Van’t Hoff temperature plots for lead and cadmium
Temp (K) | Ce (Ratio | ge (Ratio ka (Qe/ Ce) | LT In Kd
of ionsin | of ions
Soln. at adsorbed
Lead ions eq.) ateq.)
298 0.1090 0.8910 8.1743 0.0034 2.1010
323 0.0150 0.9850 65.6667 0.0031 4.1846
343 0.0130 0.9870 75.9230 0.0029 4.3297
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Temp (K) | Ce (Ratio | ge (Ratio ka (qe/ Ce) | LT In kqd
of ionsin | of ions
Soln. at adsorbed
Cadmium eq.) ateq.)
ions. 298 0.4820 0.5180 1.0750 0.0034 0.0723
323 0.1213 0.8787 7.2420 0.0031 1.9798
343 0.1140 0.8860 7.7720 0.0029 2.0505
Anova: Two-Factor Without Replication
SUMMARY Count Sum  Average \Variance
Row 1 2 21.14 10.57 15.68
Row 2 2 27.96 13.98 1.28
Row 3 2 281 14.05 1.1552
Column 1 3 3424 11.41333 9.958433
Column 2 3 42.96 14.32 0.6771
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 15.82893333 7.914467  2.90859 0.255847 19
Columns 12.67306667 1 12.67307 4.657389 0.16359 18.51282
Error 5.442133333 2.721067
Total 33.94413333 5
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Appendix 8: Effect of Acid conditioning in regeneration of nanocomposites for reuse

Lead
(Initial lons lons lons lons
Conc. of | adsorbed | adsorbed | adsorbed | adsorbed Std.
30 mgl/l) in mg/L inmg/L | inmg/L | inmg/L | Deviation | % adsorption
1st 2nd 3rd
reading reading reading mean
15t Cycle 27.40 27.46 27.47 27.44 0.0309 91.47%
2" Cycle 14.01 13.97 14.04 14.01 0.0287 46.67%
3rd Cycle 7.56 8.01 7.83 7.80 0.1850 25.98%
Cadmium
(Initial lons lons lons lons
Conc. of | adsorbed | adsorbed | adsorbed | adsorbed Std.
30mg/l) in mg/L inmg/L | inmg/L | inmg/L | Deviation | % adsorption
1st 2nd 3rd
reading reading reading mean
15t Cycle 20.27 20.34 20.32 20.31 0.0294 67.70%
2"d Cycle 10.67 10.66 10.62 10.65 0.0216 35.50%
3rd Cycle 5.89 6.88 6.52 6.43 0.4091 21.43%
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Anova: Two-Factor Without

Replication
SUMMARY Count Sum Average Variance
Row 1 2 47.75 23.875 25.41845
Row 2 2 24.66 12.33 5.6448
Row 3 2 14.23 7.115 0.93845
Column 1 3 37.39 12.46333 50.62973
Column 2 3 49.25 16.41667 100.7764
ANOVA
Source of SS df MS F P-value F crit
Variation
Rows 294.2539 2 147.127 34.38175 0.028263 19
Columns 23.44326667 1 23.44327 5.478401 0.144101 18.51282
Error 8.558433333 2 4.279217
Total 326.2556 5
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