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ABSTRACT

Several procedures are commonly used for water disinfection from bacteria. Unfortunately
each procedure has its shortcomings. The most important shortcoming is the formation of
disinfection by-products. Photodegradation of microorganisms using photocatalysts (such as
ZnO) could be a good alternative. However, ZnO is a wide band gap (3.2 eV) semiconductor,
and demands UV irradiations for excitation. In order make the synthesized ZnO active under
visible light for the photo excitation, the ZnO must be supported. In this work, ZnO
semiconductor particles, supported with mullite in varied proportion was developed (10%-
ZnO/mullite, 20%-ZnO/mullite, 30%-ZnO/mullite, 40%-ZnO/mullite and 50%-ZnO/mullite)
and synthesized by impregnation method followed by calcination at 1200 °C. Different
concentrations (0.5g/L, 1g/L, 1.5g/L and 2g/L) of the synthesized photocatalyst were used to
disinfect water and also toreduce the COD level under visible light irradiation. Between
90%-98% inactivation of E.coli and S.enterica and 64% COD reductionwas achieved in 90
minutes respectively under visible light irradiation. The 1g/L and 30%-ZnO/mullite
photocatalyst gave the best bacteria inactivation of 98% while the 1g/L and 50%-ZnO/mullite
photocatalyst gave the highest percentage COD reduction of 64. Control experiments that
were carried out showed 35% inactivation and 14% COD reduction under visible light
irradiation. The synthesized photocatalyst were characterized using UV-Visible absorption
spectrophotometry, X— ray diffraction (XRD), Specific surface area analysis, pH of point of
zero charge (pHpzc) analyses and Scanning electron microscopy (SEM) techniques.The
kinetics of the degradation of methylene blue (MB) carried out under visible light irradiation
using the synthesized photocatalyst, gave a degradation percentages of 82 for the

unsupported ZnO and 68 for the 50%-ZnO/mullite.
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CHAPTER ONE
INTRODUCTION
1.1 Preamble

Nearly 20% of the world’s population lacks clean drinking water (Shannon et al., 2008). With
a rapidly increasing world population, this problem is further exacerbated. Many
groundwater and surface water sources are contaminated, thus necessitating safe and reliable

disinfection techniques (Kemper et al., 2010).

Conventionally, water is disinfected by chlorination, which uses free chlorine as a strong
oxidant. The biggest drawback to this method is the possible production of carcinogenic
disinfection by-products (DBPs) such as trihalomethanes and haloacetic acids (Gopal et al.,
2007). Ozone is an alternative strong oxidant for disinfection of water. However, ozonation
may also produce toxic DBPs during the disinfection process (Krasner et al., 2006). Therefore,

safe and sustainable alternative water disinfection methods are required.

Photocatalytic disinfection is considered a promising alternative due to several advantages;
firstly, photocatalytic disinfection does not produce any toxic or carcinogenic disinfection
by-product(DBPs). Secondly, photocatalytic materials used for disinfection can be recycled
while the conventional chemical methods consume chemical disinfectants. Oxidants
generated by such photocatalytic materials are strong enough to inactivate pathogenic

microorganisms in water (Zhang et al., 2010).

The role of zinc oxide (ZnO) in photo-induced oxygen uptake of the aqueous solutions is
well reported (Yeber et al., 1999). ZnO has been applied in different advanced oxidation
systems for the degradation of a pulp mill ECF bleaching effluent (YYeber et al., 1999).

Furthermore, ZnO has been used to eliminate hazardous organic compounds, such as phenol,



from wastewaters (Fortuny et al., 1999). The photodegradation of 2,3,4- halosubstituted
benzyl alcohols (HBAs) with semi conductive oxides (TiO2, ZnO) has been well studied
(Wissiak et al., 2000). In addition to being applied as a photocatalyst, ZnO has also been used
to mimic the functions of chloroplasts in the near UV according to the electron theory of
catalysis of photosynthesis (I-ji et al., 1976). It has been shown that the semiconducting ZnO
exhibits more rapid reactive dye degradation kinetics than anatase TiO,(Gouvea et al., 2000).
It was found that E.coli toxicity of lignin and Kraft E1 effluent was completely removed by

Ag-doped ZnO photocatalyst (Gouvea et al., 2000).

Kaolin as a raw material has been commonly used in ceramic industries. After sintering
kaolin at high temperatures, the main product phase is mullite (Schneider et al., 1994).
Because of its excellent physical properties, such as low dielectric constant, low thermal
expansion, high melting point, high resistance to creep, high temperature mechanical
stability, and high thermal shock and chemical corrosion resistance, mullite is an important
constituent of refractories, white wares and structural clay products, and they are also widely
used as electric resistor and thermal insulator (Aksel, 2003). Previous researchers (Chen et
al., 2000) have used many approaches to prepare mullite by solid-state reaction, coating and
using sol-gel technique. In addition to those approaches, to prepare mullite using kaolin as

starting material is also an important one for its economic potential.

In this study, ZnO powders was synthesized and anchored on mullite and applied as
photocatalysts for photocatalytic disinfection of microorganism in water, E.coli and
S.enterica. The effects of ZnO loading on the support and the rate constant were also

examined.



1.2

1.3

Problem Statement

In developing countries four-fifth of all ilnesses are caused by water-borne diseases

with diarrhea being the leading cause of childhood death. (W.H.O, 2012)

Conventional methods of water disinfection such as chlorination produce a lot of
disinfection by products (DBPs) which are harmful and the processes are often

expensive.( Belapurkar et al., 2006)

Most conventional semiconductor photocatalysts such as TiO, and ZnO are
expensive, difficult to separate after disinfection and are prone to photo-

corrosion(Seven et al., 2004).

Aim and Objectives

The aim of this research work is to prepare, characterize and apply ZnO/mullite composite

photocatalyst for inactivation of E.coli and S.enterica of water.

The specific objectives are:

to prepare the ZnO/mullite composite by impregnation method.

to characterize the composite using XRD, XRF,SEM, pHpzc and specific surface area
analyses.

to evaluatethe photocatalyst activity using methylene blue as contaminant

to apply the synthesized photocatalyst for inactivation of E.coli and S.enterica in

water under visible light illumination.



Vi

to study the effect of photocatalyst dosage and irradiation time on the efficiency of
the inactivation process.
to apply the synthesized photocatalyst to disinfect and detoxify raw water from Zaria

dam using the best photocatalyst.

1.4Justification

1.5

The amount of energy utilized in photocatalytic technology is provided by sunlight
which is a cheap renewable energy source.
The raw material and the technology needed for the synthesis of ZnO/mullite support

are readily available and affortable.

ZnO and mullite are environmentally friendly

Scope and Limitation

This work involves:

to synthesize and characterize the ZnO/mullite from zinc carbonate and Kankara

kaolinite clay respectively.

to investigate of the antimicrobial effects in the dark and under visible light
irradiation of ZnO/Mullite on E.coli and S.enterica obtained from the Veterinary

Public Health and Preventive Medicine, A.B.U Zaria.

to apply the synthesize photocatalyst in the dark and under visible light irradiation to

disinfect and detoxify raw water from Zaria dam



CHAPTER TWO

LITERATURE REVIEW
2.1  Photocatalysis
Photocatalysis can be defined as the acceleration of a photoreaction by the presence of a
catalyst(Suresh, et al., 2012).
In 1972, Fujishima and Honda discovered the photocatalytic splitting of water on TiO;
electrodes.
Since then, research efforts in understanding the fundamental processes and in enhancing the
photocatalytic efficiency of TiO, and other semiconductors have come from extensive
research performed by chemists, physicists, and chemical engineers. Such studies are often
related to energy renewal and energy storage (Bard, 1982). In recent years, applications to
environmental cleanup have been one of the most active areas in heterogeneous
photocatalysis. This is inspired by the potential application of TiO,-based photocatalysts for
the total destruction of organic compounds in polluted air and wastewater (Pelizzeti and
Schiavello, 1988).
2.2Types of Photocatalysis
2.2.1 Homogeneous photocatalysis
In homogeneous photocatalysis, the reactants and the photocatalysts are in the same phase.
The most commonly used homogeneous photocatalysts are the ozone, the transition metal
salts and the photo-Fenton systems. The mechanism of the hydroxyl radical production by

the ozone is as follows,



O3 + hv — 0, + O (1D) (2.2)

O (1D) + H,0 — «OH + «OH 2.3)
(@] (lD) + H,0O — H,0, (24)
H,O,+ hv — «OH + «OH (2.5)

The Fenton reaction is a homogeneous photocatalytic process which does not involve light
illumination. Conversely, in the Photo-Fenton system, an iron catalyst is used in the presence
of hydrogen peroxide under visible light irradiation (approximately 450-600nm).

Photo-Fenton system produces hydroxyl radicals by the following mechanism

Fe?* + H,0,— HO™ + Fe** + OH". (2.6)
Fe** + H,0,— Fe** + HO, + H™. (2.7)
Fe?* + HO' — Fe** + OH". (2.8)

In photo-Fenton type processes, additional sources of OH radicals should be considered:

through photolysis of H,0,, and reduction of Fe** ions under UV light:

H,O; + hv — HO+ + HO-. (2.9)
Fe3* + H,O + hv — Fe** + HO+ + H”.

(2.10)

The efficiency of Fenton type processes is influenced by several operating parameters like
concentration of hydrogen peroxide, pH and intensity of UV. The main advantage of this
process is the ability of using sunlight with wavelength up to 450 nm, thus avoiding the high
costs of UV lamps and electrical energy (Suresh, et al., 2012). The disadvantages of the
fenton type process are the low pH values which are required, since iron precipitates at

higher pH values for the iron needs to be removed after treatment.



2.2.2 Heterogeneous photocatalysis

In heterogeneous photocatalysis two or more phases are used in the photocatalytic reaction.
A light source with semiconductor material is used to initiate the photoreaction. The catalysts
can carry out substrate oxidations and reductions simultaneously. UV light of long
wavelengths can be used, possibly even sunlight. Most common heterogeneous
photocatalysts are semiconductors, which have unique characteristics. Unlike the metals
which have a continuum of electronic states, semiconductors possess a void energy region
where no energy levels are available to promote recombination of an electron and hole
produced by photoactivation in the solid (Jina Choi, 2010). The void region, which extends
from the bottom of the filled valence band to the top of the vacant conduction band, is called
the band gap. When light falls on these semiconductors, the electron present in the valence
band jumps to the conduction band, a result of which is the generation of a positive hole. The
recombination of the electron and the hole must be prevented as much as possible if a
photocatalyzed reaction is to be favoured (Pelaez, et al., 2012). The ultimate goal of the
process is to have a reaction between the activated electrons with an oxidant to produce a
reduced product, and also a reaction between the generated holes with a reductant to produce
an oxidized product. Due to the generation of positive holes and electrons, oxidation-
reduction reactions take place at the surface of semiconductors. In the oxidative reaction, the

positive holes react with the moisture present on the surface and produce a hydroxyl radical.

Oxidative reactions due to photocatalytic effect are represented in Equation 2.11- 2.17.

UV +MO — MO (h+¢). (2.11)



Here MO stands for metal oxide

h* + H,O — H" + «OH. (2.12)
2h"+2 H,O — 2 H" + H,0,. (213)
H,0,— HO- + «OH. (2.14)

The reductive reaction due to photocatalytic effect is represented below:

e +0;— <0, (2.15)
*Q,— + HOye + H — H,0, + O,. (216)
HOOH — HOe + «OH. (2.17)

Ultimately, the hydroxyl radicals are generated in both the reactions. These hydroxyl radicals

are very oxidative in nature and non-selective with redox potential of Eq = +3.06 V.

2.3  Mechanism and Fundamentals of Photocatalytic Reactions

Heterogeneous photocatalysis using UV/TIO; is one of the most common photocatalytic
process and is based on adsorption of photons with energy higher than 3.2 eV (wavelengths
lower than ~390 nm) resulting in initiating excitation related to charge separation event (gap
band) . Generation of excited high-energy states of electron and hole pairs occurs when wide
band gap semiconductors are irradiated higher than their band gap energy. It results in the
promotion of an electron in the conductive band (ecg ) and formation of a positive hole in
the valence band (hyg®). The hyg” and ecg” are powerful oxidizing and reducing agents,
respectively. The hyg” reacts with organic compounds resulting in their oxidation producing
CO, and H,O as end products (see Figure 2.1). The hyg® can also oxidize organic

compounds by reacting with water to generate *OH. Hydroxyl radical (*OH) produced has



the second highest oxidation potential (2.80 V), which is only slightly lower than the
strongest oxidant — fluorine. Due to its electrophilic nature (electron preferring), the *OH can
non-selectively oxidize almost all electron rich organic molecules, eventually converting

them to COand H,0 (Is, 2012).
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s — - «
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Figure 2.1: Schematic of semiconductor excitation by band gap illumination leading to the

creation of “electrons” in the conduction band and “holes” in the valance band.(Fujishima,
2008)

2.4  Types of Photocatalysts and their Characteristics

A number of solids can be referred to as photocatalysts and as mentioned earlier, metal oxide
semiconductors are considered to be the most suitable photocatalysts due to their
photocorrosion resistance and wide band gap energies (Fox and Dulay 1993). Table 2.1
provides the band gap energies at corresponding wavelength for well-known semiconductors.
TiO, stands out as the most effective photocatalyst and has been extensively used in water
and wastewater treatment studies because it is cost effective, thermally stable, non-toxic,
chemically and biologically inert and is capable of promoting oxidation of organic

compounds (Mandelbaum et al., 1999). The photocatalytic activity of TiO, is dependent on

surface and structural properties which include crystal composition, surface area, particle size



distribution, porosity and band gap energy (Ahmed et al., 2011). TiO; is also known as
titania, titanic oxide, titanium white, titanic anhydride, or titanic acid anhydride.

There are several materials known for their photocatalytic potentials of which most of them
are metal oxides. However, the use of titanium dioxide in photocatalysis by Honda and
Fujishima in 1978, has made it the most popular photocatalytic material due to its abundance;
low cost, chemical stability, biocompatibility and high efficiency under UV light (Murat,
2012). Another semiconductor that share similar properties with titanium dioxide is zinc
oxide. Zinc oxide has been getting increasing attention as a photocatalytic material due to its
similar electronic structure and catalytic efficiency with TiO,. While zinc oxide can be a
more efficient photocatalyst in near UV excitations compared to titanium dioxide, it has the
problem of photo-corroding itself, limiting its wide use (van de Krol, Liang et al., 2008).

Table 2.1. Band gap energies of various semiconductors at relevant wavelengths

Semiconductor Band gas energy (eV) Wavelength
TiO; (rutile) 3.0 413
TiO,(anatase) 3.2 388

Zn0O 3.2 388

ZnS 3.6 335

Cds 2.4 516

Fe 03 2.3 539

(Source: Fujishima, 2008)

2.5  Radiation Sources for Photocatalysis
Both artificial visible light UV lamps and sunlight can be used as the radiation source for
photocatalytic process. Artificial UV lamps containing mercury are the most commonly used

source of UV irradiation. These can be divided into low pressure mercury lamp, medium
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pressure mercury lamp and high pressure mercury lamp. Sunlight has also been used in the
photocatalytic process as nearly 4-5% of the sunlight that reaches the earth’s surface is in the
300-400 nm near UV light range. Furthermore solar energy has limitations due to the
graphical variations when compared with the artificial UV lamps. However ongoing interests
and developments in harnessing solar energy are expected to increase its use in
photocatalytic degradation applications (Dong et al., 2015).

2.6 Factors Affecting the Degradation Performance

2.6.1 Catalyst loading

The amount of TiO, in a photocatalytic system plays a significant roll the overall
photocatalytic reaction rate. The concentration of the TiO, particles affects the overall
photocatalytic reaction rate in a true heterogeneous catalytic regime (Gaya and Abdullah,
2008). However, when the amount of TiO; is above certain level (saturation stage), the light
photon adsorption co-efficient decreases radially and the excess photocatalyst can create a
light screening effect that leads to the reduction in the surface area exposed to irradiation and
thus reduces the photocatalytic efficiency of the process (Chong et al., 2010). A number of
studies have reported the effect of TiO, loadings on the treatment efficiency of the
photocatalytic reactor (Chong et al., 2009). Although a direct comparison between these
studies is difficult due to the differences in the working geometry, radiation fluxes and
wavelengths used. It was evident that the optimum dosages of photocatalyst loading were
dependent on the dimension of the reactor. The importance of the determination of the
reactor diameter has been emphasized to achieve effective photon absorption (Malatos et al.,
2009). The optimum dosage of TiO, used by various authors either alone or in combination

with other catalysts is given in Table 2.2
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2.6.2 pH of the solution

The pH is the measure of the degree of alkalinity and acidity of a solution. The effect of pH
on the photocatalytic reaction has been extensively studied (Wang and Ku, 2007) due tothe
fact that photocatalytic water treatment is highly dependent on the pH as it affects thecharge
on the catalyst particles, size of aggregates and the position of conductance and valancebands
(Chong et al, 2010). Furthermore, the surface of the TiO; can be protonated or deprotonated
underacidic or alkaline conditions (Gaya and Abdullah, 2008), respectively according to the
reaction in Equation 2.18-2.19.

TiOH + H TiaHi(2.18)

TiOH + OH TiQeaaH,0 (2.19)

The point of zero discharge for TiO,(P25 Degussa), the most commonly used form of TiO; is
6.9 (Kosmulski 2006). Therefore the surface of the TiO; is positively charged under acidic
conditions and negatively charged under alkaline conditions. The maximum oxidizing
capacity of the titania is at lower pH however the reaction rate is known to decrease at low
pH due to excess H' (Sun et al., 2006). The selection of pH is thus need to be appropriate in

order to achieve maximum degradation efficiency
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Table 2.2. Optimum dosage of photocatalyst for degradation of organic compounds (dyes)

Target compound Photocatalyst ~ Optimum dosage (g/L) References
Erioglaucine TiO, 0.3 Daneshvar et al, 2006
Tebuthioron TiO, 5 Muneer et al, 2005
Propham TiO; 5 Muneer et al, 2005
Triclopyr TiO, 2 Qamar et al, 2006
Phorate TiO, 0.5 Burns et al, 1999
Turbophos TiO, 0.5 Tariq et al, 2005
Trichlorfon TiO, 8 Tariq et al, 2008
Methamodiphos Re- TiO, 1 Chong et al, 2010
Methylene blue La-Y/TiO; 4 Saquib and Muneer 2003
Carbendazim TiO, 0.07 Bahnemann, 2004
Direct red 23 Ag-TiO, 3 Bhatkhnade et al, 2004
Phenol Pr- TiO, 1 Abdullah et al, 1990
Carbofuran TiO, 0.1 Lin and Lin 2007
Beta-cypermethrin RuO,-TiO, 5 Parent et al, 1996
Aniline Pt-TiO, 2.5 Crittenden et al, 1996
Benzylamine Pt-TiO, 2.5 Leng et al, 2000
Glyphosate TiO, 6 Habibi et al, 2005
Picloram TiO; 2 Leng et al, 2000
Floumeturon TiO, 3 Ozkan et al,

2004k6

Imazapyr TiO; 2.5 Riga et al, 2007
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2.6.3 Size and structure of the photocatalyst

Surface morphology such as particle size and agglomerate size, is an important factor to be
considered in photocatalytic degradation process because there is a direct relationship
between organic compounds and surface coverage of the photocatalyst (Guillard et al.,
2003). The number of photon striking the photocatalyst controls the rate of reaction which
signifies that the reaction takes place only in the absorbed phase of the photocatalyst (Kogo
et al., 1980). A number of different forms of TiO, have been synthesized to achieve the
desired characteristics of the photocatalyst (Gao and Liu, 2005). Some of the examples
include UV100, PC500 and TTP. For the degradation of various organic compound such as
pesticides and dyes, the efficacy of these commercial TiO,photocatalysts has generally been
reported in the order of Degussa P25 > UV100 > PC500 >TTP (Degussa P25, Hombikat
UV100, Millenium PC500, Travancore titanium product) (Tariq et al., 2008).

2.6.4 Reaction temperature

An increase in reaction temperature generally results in increased photocatalytic activity,
however reaction temperature greater than 80°C promotes the recombination of charge
carriers and disfavor the adsorption of organic compounds on the titania surface (Gaya and
Abdullah, 2008). A reaction temperature below 80°C favours the adsorption whereas further
reduction of reaction temperature to 0°C results in an increase in the apparent activation
energy. Therefore temperature range between 20-80°C has been regarded as the desired

temperature for effective photomineralization of organic content(Chong et al., 2010).
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2.6.5 Concentration and nature of pollutants

The rate of photocatalytic degradation of certain pollutant depends on its nature,
concentration and other existing compounds in water matrix. A number of studies have
reported the dependency of the TiO, reaction rate on the concentration of contaminants in
water (Chong et al, 2009). High concentration of pollutants in water saturates the TiO;
surface and hence reduces the photonic efficiency and deactivation of the photocatalyst
(Saquib and Muneer, 2003). In addition to the concentration of pollutants, the chemical
structure of the target compound also influences the degradation performance of the
photocatalytic reactor. For example, 4-chlorophenol requires prolonged irradiation time due
to its transformation to intermediates compared with oxalic acid that transforms directly to
carbon dioxide and water, i.e., complete mineralization (Bahnemann, 2004). Furthermore, if
the nature of the target water contaminants is such that they adhere effectively to the
photocatalyst surface the process would be more effective in removing such compounds from
the solution. Therefore the photocatalytic degradation of aromatics is highly dependent on
the substituent group (Gaya and Abdullah, 2008). The organic substrates with electron
withdrawing nature (benzoic acid, nitrobenzene) strongly adhere to the photocatalyst and
therefore are more susceptible to direct oxidation compared with the electron donating
groups (Bhatkhnade et al, 2004).

2.6.6 Surface area

The photocatalytic activity of a semiconductor photocatalyst involves adsorption of the
compound (to be oxidized) and trapping of holes and electrons on the catalyst surface.
Number of trap centers is important and strongly influences the recombination rate. It is

indeed, the competition between charge-carrier recombination and trapping that determines
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the overall quantum efficiency of a photocatalyst. The surface area of a photocatalysts
determines the number of adsorption sites.

2.6.7 Recombination

Recombination of photogenerated charge carriers is the major limitation in semiconductor
photocatalysis as it reduces the overall quantum efficiency (Nishimoto, et al., 1983). When
recombination occurs, the excited electron reverts to the valence band without reacting with
adsorbed species non-radiatively or radiatively, dissipating the energy as light or heat.
Recombination may occur either on the surface or in the bulk and is in general facilitated by
impurities, defects, or all factors which introduce bulk or surface imperfections into the
crystal. Serpone et al. (2003)found that trapping excited electrons as Ti®* species for
example, occurred on a time scale of ~ 30 ps and that about 90 % or more of the
photogenerated electrons recombine within 10 ns (Nakabayashi, et al., 1983). Doping with
ions, heterojunction coupling and nanosized crystals (Ohtani,2011) have all been reported to
promote separation of the electron-hole pair, reducing recombination and therefore improve
the photocatalytic activity. For example, the TiO, crystallites of Evonik (Degussa) P25
contain a combination of anatase (~80%) and rutile (~20%). The conduction band potential
of rutile is more positive than that of anatase which means that the rutile phase may act as an
electron sink for photogenerated electrons from the conduction band of the anatase phase
(Ibid). Many researchers attribute the high photocatalytic activity of this preparation to the
intimate contact between two phases, enhancing separation of photogenerated electrons and

holes, and resulting in reduced recombination.
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2.7  Methods of Improving the Activity of Photocatalyst

2.7.1 Sensitization

Dye photosensitization has been reported by different groups to be one of the most effective
ways to extend the photoresponse of photocatalysts into the visible region (Ohtani, 2011).
Indeed these types of reactions are exploited in the well-known dye sensitized solar cells
(O'Regan and Gratzel, 1991). The mechanism of the dye sensitized photo-degradation of
pollutants is based on the absorption of visible light for exciting an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of
a dye. The excited dye molecule subsequently transfers electrons into the conduction band of
the photocatalysts, while the dye itself is converted to its cationic radical (Jina, 2010). The
photocatalysts act only as a mediator for transferring electrons from the sensitizer to the
substrate on the photocatalysts surface as electron acceptors, and the valence band of the
photocatalysts remains unaffected. In this process, the LUMO of the dye molecules should be
more negative than the conduction band of the photocatalysts. The injected electrons hop
over quickly to the surface of titania where they are scavenged by molecular oxygen to form
superoxide radical O, and hydrogen peroxide radical ‘OOH. These reactive species can also
disproportionate to give hydroxyl radical (Chen and Mao, 2007). In addition to the
mentioned species, singlet oxygen may also be formed under certain experimental
conditions. Oxygen has two singlet excited states above the triplet ground ones. Such

relatively long live oxygen species may be produced by quenching of the excited state of the
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photosensitizer by oxygen. The subsequent radical chain reactions can lead to the
degradation of the dye (Ohtani, 2011).

Knowledge of interfacial electron transfer between semiconductor and molecular adsorbates
is of fundamental interest and essential for applications of these materials. Ultrafast electron
injection has been reported for many dye-sensitized photocatalysts systems. This injection
depends on the nature of the sensitizer, the semiconductor, and their interaction. Asbury et
al., 2003, observed very different electron injection times from femto to pico second by
changing the semiconductor under the same conditions.

2.7.2 Doping

Since the discovery of visible light-induced activity of nitrogen-containing titania particles
by Asahi et al. (2001) "doping"” has been a keyword for fabrication of visible light-sensitive
photocatalysts; any photocatalysts with poor visible-light activity can be modified with metal
or non-metal elements to be active under visible-light irradiation. There seems to be two
reasons for the explosive growth in the number of papers on doped material. One might be a
lack of methodology to prove visible light-induced photocatalysis. Another reason is an
unclear definition of the term "doping”. The meaning of "doping" is incorporation of atoms
or ions in a crystalline lattice, i.e., modification of the bulk structure of crystallites, but not
modification of surfaces(Suresh, 2012). If an adequate analytical method(s), if any, is (are)
employed, average density of hetero atoms/ions can be determined, and if mapping of
elements can be performed with higher sensitivity, spatial distribution may be elucidated.
The effect of doping must be discussed on the basis of this structural information, though
there have been few reports containing such discussion so far. In relation to this problem,

recent papers have claimed that heptazine derivatives are produced on the surface of titania
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particles in the procedure for nitrogen doping using urea as a nitrogen source and that they
work as a photosensitizer and/or photocatalyst (Ohtani, 2011) i.e., nitrogen is not "doped" in
the titania lattice but is included as a surface modifier.Even if introduced hetero atoms/ions
are not "doped" in the lattice, it is useful to prepare modified photocatalysts with visible-light
absorption by introducing hetero atoms/ions. One problem, however, is that newly appearing
visible-light photoabsorption and photoinduced reaction rate under visible-light
photoirradiation are often described in papers. The use of organic dyes for a photoinduced
degradation test is inappropriate because those dyes might be adsorbed and work as visible-
light photosensitizers, and it is preferable to show resemblance of absorption (diffuse
reflection) and actions spectra, i.e., photocatalysis by doped (modified) photocatalysts can be
proved through action spectrum analysis.

2.8  Particle Size

Particle size of a photocatalyst is often evaluated by Scherer’s equation using data of powder

X-ray diffraction (XRD) pattern. Scherer’s equation is represented in Equation 2.20.

kA
L=
BcosO

(2.20)

Where K is the shape factor of the particle (often take as K=0.98), A is the X-ray wavelength,
B is the half-maximum peak width and 6 is the Bragg diffraction angle (Zhao, et al..2012).
Another point to be noted is the correction offull width at half maximum(FWHM). Two
kinds of correction are required; one is correction for broadening due to Ka2 radiation, and
the other is for broadening due to the optical path in the diffractometer. Generally speaking,
the former and the latter corrections are made by assuming a radiation intensity ratio of Kal
and Ka2 and by using FWHM of a standard large crystalline sample. There are at least three

ways for the latter correction, but there seems to have been no discussion on the best way.
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The simplest way, subtraction of FWHM of the standard, has often been employed. Both
corrections appreciably affect the size of particles; a large error is expected without such
corrections. Therefore, when the size of particles is demonstrated, the methods used for
FWHM corrections should be described. The size of particles in the direction vertical to the
corresponding lattice plane can be estimated using Scherer’s equation. In comparison with
the data obtained in another way, e.g., transmission or scanning electron microscopy,
difference due to this may be observed. Furthermore, broadening of FWHM of XRD peaks is
also induced by distortion of the crystalline lattice. In other words, Scherer’s equation
neglects the effect of crystal lattice distortion (Ohtani, 2011).

2.9 PHOTOCATALYTIC DEGRADATION KINETICS

Previous results of photocatalytic degradation kinetics indicated that the destruction rates of
photocatalytic oxidation of various dyes over illuminated photocatalysts fitted the Langmuir—

Hinshelwood (L—H) kinetics model (Cunningham et al., 1994; Olivira-Campose et al., 2003)

_dC _ kKC
dt  1+KC

(2.21)

Where r is the oxidation rate of the reactant (mg/l min), C isthe concentration of the reactant
(mg/I), t the illumination time, k the reaction rate constant (mg/l min), and K is the adsorption
coefficient of the reactant (I/mg). When the chemical concentration Co is small the above
equation can be simplified to an apparent first-order equation. This simplified equation
(Equation 2.22) is used evaluate the apparent rate constants for the photodegradation of

methylene blue.
In(£)=kt(2.22)

A plot of In Co/C versus time represents a straight line, the slope of which upon linear

regression equals the apparent first-order rate constant k. Generally, first-order kinetics is
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appropriate for the entire concentration range up to a few ppm and several studies were

reasonably well fitted by this kinetic model. It has been agreed that the expression for the rate

of photomineralization of organic substrates such as dyes with irradiated photocatalysts

follows the Langmuir—Hinshelwood (L—H) law for the four possible situations:-

@ The reaction takes place between two adsorbed substances.

(b) The reaction occurs between a radical in solution and an adsorbed substrate molecule.

(c) The reaction takes place between a radical linked to the surface and a substrate
molecule in the solution.

(d) The reaction occurs with both species being in the solution.

In all cases, the expression for the rate equation is similar to that derived from the L-H

model, which has been useful in modelling the process, although it is not possible to find out

whether the process takes place on the surface, in the solution or at the interface (Tanak and

Reddy, 2002).

2.10 CHARACTERIZATION OF PHOTOCATALYSTS

2.10.1 X-ray diffraction (XRD) spectroscopy

X-ray diffraction (XRD) is used for examining the crystal structures of photocatalysts
particles. It is a method of determining the arrangement of atoms within a crystal, in which a
beam of X-rays strikes a crystal and diffracts into many specific directions using a
diffractometer. It provides detailed information on the crystallographic structure and physical

properties of materials and thin films (Okada et al., 1986).

2.10.2 X-Ray florescence (XRF) spectroscopy
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X-ray fluorescence is the emission of characteristic “secondary” (or fluorescent) X-rays from
a material that has been excited by bombarding with high energy X-rays or gamma rays. The

phenomenon is widely used for elemental and chemical analysis of minerals.

2.10.3 X-ray photoelectron spectroscopy

In photocatalysis, use of X-ray photoelectron spectroscopy (XPS) was not frequent before
2000 (Ohtani, 2011). The reason may be that XPS gives information on valency of elements
on and near the surface of photocatalysts, but the valency of elements in the bulk of
photocatalysts can be elucidated by analyzing the crystal structure by X-ray diffraction
XRD) analyses. In 2001, Asahi et al., 2001 reported doping of titania with typical-elements
could induce photocatalytic activity under visible-light irradiation, and the chance of using
XPS has explosively increased, since analysis of valency of doped (or attached) element(s) is

important to understand the structure of doped samples.

2.10.4 UV-Vis Absorption

The absorbance of any specie in solution can be determined using the Beer-Lambert’s law.
This absorbance can be converted to concentration to determine the concentration of any

given specie in a sample.

Beer-Lambert’s law
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According to the Lambert-Beer Law, (Chun and Yizhong, 1999) the absorbance (A) of
methyl orange (MO) is proportional to its concentration (c), this generally followed the
following equation:

A = gbc. (2.23)
Where ¢is the molar absorption coefficient and bis the thickness of the absorption cell. In
experiments, all the testing parameters are kept constant, so that eand bcan be considered as a
constant. Therefore, the changes of the concentration (¢) of MO aqueous solution can be
determined by a UV-Vis spectrophotometer. As for the MO aqueous solution with low
concentration, its photocatalytic decolorization is a pseudo-first-order reaction and its
kinetics may be expressed as follows (Rashed and EI-Amin, 2007).

Ln A= LnAo + kt. (2.24)
wherek is the apparent rate constant and Ao and Asare the initial and reaction absorbance of
aqueous solution, respectively. However in this dissertation, all the absorbances obtained

from the UV-Vis spectrophotometer were converted to concentration from Equation 2.23.

2.10.5 Brunauer-Emmett-Teller (BET)

A Brunauer-Emmett-Teller (BET) analysis is a test to determine the surface area of
photocatalysts. The surface area also depends on the crystal size of the photocatalysts which

can be determined using Scherer’s equation (Equation 2.20) (Okada et al., 1986).

2.11 KAOLINITE

Kaolinite is a clay mineral, part of the group of industrial minerals, with the chemical

composition Al,Si,Os(OH),. It is a layered silicate mineral, with onetetrahedral sheet linked
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through oxygenatoms to oneoctahedral sheet of alumina octahedra. Rocks that are rich in
kaolinite are known as kaolin or china clay.Kaolinite has a low shrink—swell capacity and a
low cation-exchange capacity. It is a soft, earthy, usually white mineral (dioctahedral
phyllosilicate clay), produced by the chemical weathering of aluminiumsilicate minerals like
feldspar. In many parts of the world, it is colored pink-orange-red by iron oxide, giving it a
distinct rust hue. Lighter concentrations yield white, yellow or light orange colors(Bergaya

and Lagaly, 2013).

2.11.1 Structural transformations of Kaolinite

Kaolinite group clays undergo a series of phase transformations upon thermal treatment in air
at atmospheric pressure. Below 100 °C (212 °F), exposure to dry air will slowly remove
liquid water from the kaolin. The end-state for this transformation is referred to as "leather
dry”. Between 100 °C and about 550 °C (1,022 °F), any remaining liquid water is expelled
from kaolinite. The end state for this transformation is referred to as "bone dry". Through this
state, the expulsion of water is reversible: if the kaolin is exposed to liquid water, it will be
reabsorbed and disintegrate into its fine particulate form. Subsequent transformations are not

reversible, and represent permanent chemical changes (Ibarra et al., 2015)

Endothermic dehydration of kaolinite begins at 550-600 °C producing disordered
metakaolin, but continuous hydroxyl loss is observed up to 900 °C (1,650 °F). Although
historically there was much disagreement concerning the nature of the metakaolin phase,
extensive research has led to a general consensus that metakaolin is not a simple mixture of

amorphous silica (SiO,) and alumina (Al,O;), but rather a complex amorphous structure that
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retains some longer-range order (but not strictly crystalline) due to stacking of its hexagonal

layers(Bergaya and Lagaly, 2013).

ALSi,O,(OH), — ALSi,0; + 2 H,0. (2.25)

Further heating to 925-950 °C converts metakaolin to an aluminium-silicon spinel which is

sometimes also referred to as a gamma-alumina type structure:

2 ALLSi,0, — Si;Al,Oy, + SiO,. (2.26)

Upon calcination above 1050 °C, the spinel phase nucleates and transforms to platelet mullite

and highly crystalline cristobalite:

3Si3A|4012 — 2(3 Aleg " 2 SiOz) + 5 SiOz (227)

Finally, at 1400 °C the "needle” form of mullite appears, offering substantial increases in

structural strength and heat resistance. This is a structural but not chemical transformation

2.12  Mullite
Mullite or porcelainite is a rare silicate mineral of post-clay genesis. It can form two stoichiometric
forms 3Al,0;2Si0, or 2Al,0; SiO,. Unusually, mullite has no charge balancing cations present. As a

result, there are three different Al sites: two distorted tetrahedral sites and oneoctahedral.

Mullite is the only stable intermediate phase in the alumina-silica system at atmospheric
pressure. Although this solid solution phase is commonly found in human-made ceramics,
only rarely does it occur as a natural mineral. Yet mullite is a major component of
aluminosilicate ceramics and has been found in refractories and pottery dating back
millennia. As the understanding of mullite matures, new uses are being found for this ancient
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material in the areas of electronics and optics, as well as in high temperature structural
products. Many of its high temperature properties are superior to those of most other metal

oxide compounds, including alumina(lbarra et al., 2015).

The Properties of mullite are:

1. Good thermal shock and stress resistance
2. Low thermal conductivity
3. Good strength
4. Wear resistant
5. Usable to high temperatures

Application of mullite:
1. Use in protection of tubes
2. Use in furnace liner
3. Use in electrical insulators
4. Use as support material

(Source: Journal.Eur.Ceram.Soc. 35(2015) 2189-2194)

2.13 ZINC OXIDE

Zinc oxide is an inorganic compound with the formulaZznO. Zinc oxide is a white powder
that is insoluble in water, and it is widely used as an additive in numerous materials and
products including rubbers, plastics, ceramics, glass, cement, lubricants, paints, ointments,
adhesives, sealants, pigments, foods, batteries, ferrites, fire retardants, and first-aid tapes. It
occurs naturally as the mineral zincite, but most zinc oxide is produced

synthetically(Betencet al., 2008).
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ZnO is a wide-bandgap semiconductor of the 11-VI semiconductor group. The native doping
of the semiconductor due to oxygen vacancies or zinc interstitials is n-type. This
semiconductor has several favorable properties, including good transparency, high electron
mobility, wide bandgap, and strong room-temperature luminescence. Those properties are
used in emerging applications for transparent electrodes in liquid crystal displays, in energy-
saving or heat-protecting windows, and in electronics as thin-film transistors and light-

emitting diodes(Kumaret al., 2010).

2.14 Water Disinfection

To get water that can be used in daily life without fearing of diseases, it must be purified and
disinfected before being used. Water disinfection means the removal, deactivation or killing
of pathogenic microorganisms. Microorganisms are destroyed or deactivated, resulting in
termination of growth and reproduction. Sterilization is a process related to disinfection.
However, during the sterilization process all present microorganisms are Killed, both harmful
and harmless microorganisms. Disinfection can be chemical or physical. For physical
disinfection of water several disinfectants can be used such as: Ultraviolet light (UV),
Electronic radiation, Gamma rays and Heat. For chemical disinfection of water several
disinfectants can be used such as Chlorine dioxide (ClO2), hypochlorite (OCI), ozone (O3),
halogens including chlorine (Cl,), bromine (Br;) and iodine (lI,), metal ions such as copper
(Cu?") and silver (Ag"), potassium permanganate (KMnO,), alcohols, soaps, detergents,
quarternary ammonium salts, hydrogen peroxide, in addition to different acids and bases.
Table (2.3) summarizes advantages and disadvantages of some water disinfectants (Sihem et

al., 2014).
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2.14.1 Disinfection by oxidation processes

Advanced Oxidation Processes (AOP) are among the newer chemical techniques used for
water purification. They can be divided into two types depending on the techniques used,
namely: abiotic degradation (such as thermal degradation/combustion, molten salt processes,
wet oxidation, chemical oxidation or acid-base hydrolysis) and photodegradation (by
H,0,/UV, 0O3/UV or 03/H,0,/UV processes, solar photolysis, processes in vacuum
ultraviolet or photo-catalysis) (Crosby, 1998). Other water disinfection procedures involve
formation of disinfecting by-products (DBPs). Important examples are the trihalomethanes
(THMs). Such processes have limited use due to their carcinogenic and mutagenic nature
(Richarson et al, 1996). They result from chlorination of groundwater with high total organic
carbon (TOC) content. To decrease DBPs formation, it will be better to decompose organic
compounds prior to chlorine addition. Solar disinfection by photo-catalysis has the advantage

of destroying the bacterial population and DBPs as well.
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Table 2.3 Comparison of the Main Water Disinfectants

Disinfectant

Advantages

Limitation

Chlorine

Chlorindioxide

Sodium hypochlorite solution

Solid calcium hypochlorite

Chloramins

Ozonation

Very effective for Killing
most microbial pathogens

Very effective even in low
concentration,  does  not
generate chlorinated phenol
and THMs

Easier to handle. No
disinfection byproducts

Very stable when package
allowing long time storage

Effective bactericide.
Produces fewer DPBs,
forming reactions are 99%
complete within few minutes

Requires shorter contact time
and dosage than chlorine,

Dangerous and lethal at concentration
as low 1% air by vol. Generation of
toxic byproducts

Has pungent odour. Should be stored
in a dark area.

Very corrosive and should not be
stored for more than a month

Corrosive with strong odour, readily
absorbs moisture to form chlorine
gas.

A weak disinfectant much less
effective against viruses or protozoa,
detrimental reaction produces
nitrogen trichloride

Ozone gas is very unstable and must
be generated onsite, requires
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more effective than chlorine
in destroying pathogens

Ultraviolet light Readily available, produces
no known toxic residual,
requires short contact time
and the equipment is easy to
operate and maintain

complicated equipment and efficient
contacting system, extremely
irritating and possible toxic

May not inactivate Giardia lamblia or
cryptosporidium cyst, unsuitable for
water with high level of suspended
solid, turbidity colour or soluble
organic matter which can react or
absorb the UV radiation

(Source: National drinking water clearing house, 2011)

2.15 DISINFECTION MECHANISMS

Destruction o
of Bacteria %}'{?‘ i

Damage

Figure 2.2: Mechanism of photocatalytic inactivation of microbes (Wang et al., 2012)

Disinfection commonly takes place by: destroying cell wall of microorganisms, inhibiting

proteins or nucleic acids synthesis, changing cell membrane permittivity and antagonizing

enzymes action (structural change in enzymes). These disturbances in cell activity cause
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microorganisms to no longer be able to multiply. This causes the microorganisms to die out.

Oxidizing disinfectants also demolish organic matter in the water, causing a lack of nutrients.

> Nucleoid

Cell Wall

Cytoplasmic
membrane

——» Ribsomes

Pili

Cell membrane Proteins
oxidation inactfivation

Figure 2.3: Inactivation of a bacterial cell(Pan et al., 2010)

2.16  Microorganisms

Microorganisms are invisible to bare eyes and are present in soil, air, food and water (Burke,
1993). Through consumption of food and air people are exposed to microorganisms. Most
microorganisms are harmless and will contribute to a number of vital processes in the human
body, such as the metabolism (there is a bacterium in the human gut which help in
synthesizing vitamin like biotin, vitamin k and folic acid). However, there are also
microorganisms which can cause disease or which are harmful to people with low resistance
to disease (example, people with low immune system). Pathogenic microorganisms in water

can be distinguished from chemical contaminants. Microorganisms are living organisms and
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are not dissolved in water, but they will coagulate or attach to colloids and solids in

water(Wanjun et al., 2012).

2.16.1 Types of pathogenic microorganisms

Pathogenic microorganisms in drinking water can be divided into three types: bacteria,
viruses and parasitic protozoa. Bacteria and viruses can exist in both surface water and
groundwater, whereas parasitic protozoa can be found mainly in surface water (Tortora,

2008).

2.16.2 Bacteria

Bacteria are the most abundant life-form on earth. They are single cell organisms, they can
be found in different shapes; a sphere, a spiral or a rod. They occur as individual bacteria or
in bacterial chains, bundles or pairs. Their length normally between 0.40 and 14x10°m and
the width isabout 0.20 to 12x10°m. Consequentially they can only be viewed under a
microscope. They can reproduce by means of DNA replication, causing a bacterium to split
into two independent cells. The replication process takes about 15 to 30 minutes in ideal
circumstances. Bacteria are enclosed in cell walls that are largely composed of a
carbohydrate and protein complex called peptidoglycan (Petit et al., 2007). Bacteria
generally reproduce by dividing into two equal cells (binary fission).Most bacteria use

organic chemicals for nutrition, which can be obtained from either dead or living organisms.
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Some bacteria can manufacture their own food by photosynthesis, and some can derive
nutrition from inorganic substances (Tortora et al., 2010).

2.16.3 Escherichia coli (E. coli)

The bacterial species Escherichia coli is one of the most common inhabitants of the human
intestinal tract and is probably the most familiar organism in microbiology. Optimal growth
of E. coli occurs at 37°C, and the optimum pH growing in a culture at 37°C is 6.0-7.0. It has
a minimum pH level of 4.4 and a maximum level of 9.0 required for growth. It is a
facultative anaerobes organism that can grow in either the presence or absence of oxygen. It
is used frequently as biological indicator of disinfection efficiency in water systems. They are
a large and diverse group of bacteria. Although most strains of E.coli are harmless, others can
cause some diseases; some kinds of E.coli can cause diarrhea, while others cause urinary
tract infections, respiratory illness and pneumonia and other illnesses (Ranjith et al., 2011).
The presence of E.coli in recreational waters is used to indicate fecal contamination and the
possible presence of other more pathogenic microorganisms such as Salmonella, Shigella,
Campylobacter, Giardia, Cryptosporidium or Norovirus (Sampson et al., 2006).

2.16.4 Salmonella enterica

Salmonella enterica are non-spore-forming, predominantly motileenterobacteria with
diameters around 0.7 to 1.5x10°m, lengths from 2 to 5 x10°m, and peritrichous flagella
(flagella that are all around the cell body) (Fabrega and Vila, 2013). They are
chemoorganotrophs, obtaining their energy from oxidation and reduction reactions using
organic sources, and are facultative anaerobes. Many infections are due to ingestion of
contaminated food. They can be divided into two groups; typhoidal and nontyphoidal

Salmonella serovars. Nontyphoidal serovars are more common, and usually cause self-
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limiting gastrointestinal disease (Fabrega and Vila, 2013). They can infect a range of
animals, and are zoonotic, meaning they can be transferred between humans and other
animals. Typhoidal serovars include Salmonella Typhi and Salmonella Paratyphi A, which
are adapted to humans and do not occur in other animals (Fabrega and Vila, 2013).

2.17 Some Previous Related Works

Wang et al.(2012) carried out a study on visible-light-driven photocatalytic inactivation of
E.coli k-12 by bismuth vanadate nanotubes bactericidal performance and mechanism. The
visible light driven (VLD) photocatalytic bacterial inactivation by BV-NT did not allow any
bacterial regrowth. The photogenerated h* and reactive oxidative species were the major
reactive species for bacterial inactivation. Is (2012) studied the photocatalytic antibacterial
activity of ZnO / hectorite and ZnO / montmorillonite. These materials were evaluated as
photocatalyst and used to inactivate Eschericia coli and Staphylococcus aureusunder UV
illumination. Result of the research showed the significant activity of the photocatalysts and
the higher activity of Zn/HEC compared to Zn/MMT was obtained. The possible reason for

increased photoactivity was the higher specific surface area of the material(Zn/HEC).

Vineethaet al.(2013) investigated the photocatalytic colour and COD removal in the
distillery effluent by solar radiation. They concluded that the photocatalytic degradation
process using solar light as an irradiation source with a semiconductor (TiO,/H,0,) showed
potential reduction in the COD and colour removal by 68% of the distillery effluent

treatment.

Sihem et al.(2014) carried out solar photocatalysis, a green technology for E.coli

contaminated water disinfection and also studied the effect of concentration and different
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types of suspended photocatalyst. The solar photo-inactivation yielded complete inactivation
results, which varied with the solar light intensity. The adding of any kind of photo-catalyst
to the water accelerated the bactericidal action of solar irradiation and led to complete
disinfection (until detection limit). The photocatalytic disinfection efficiency was not

enhanced by the increase of catalyst concentration above 0.5 g/L.

Several semiconductors photocatalyst have being used by several researchers for water
disinfection and detoxification. Unfortunately each semiconductor used has its shortcoming.
Some these includes; being active under UV irradiation and UV accounts for only about
5%of the solar spectrum.Other semiconductor photocatalysts such as TiO, and ZnO are
expensive, difficult to separate after disinfection and are prone to photo-corrosion. The
motivation of this research is geared towards addressing the research gap faced by other

researchers in the field of photocatalysis.
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CHAPTER THREE
MATERIALS AND METHODS
Enumerated are the materials and equipment used in carrying out this research work. Most of

the chemicals were procured from Haddis Chemicals Nigeria Limited, Zaria.

3.1  Materials

1. Zinc carbonate. (Analytical grade, BDH Chemical England)
2. Sodium chloride. (Analytical grade, BDH Chemical England)
3. Sodium Hydroxide.  (Analytical grade, BDH Chemical England)
4. Hydrochloric acid.  (Analytical grade, BDH Chemical England)
5. Methylene Blue. (Guarantee reagent) grade.

6. Conical Flask (500 ml, 2000 ml) Pyrex.

7. Beaker (500 ml) Pyrex.

8. Measuring Cylinder (1000 ml, 500ml).

9. Spatula.

10. Filter Paper (gradel, 110 mm).

11. Disposable petri dishes (150x25 mm).

12. Funnel (pyrex, 20 mm).

13. Water Bath(gallenkamp, England).

14. Glass Rod Stirrer.

15. Crucibles.

16. Thermometer (Analogue).

17. Retort stand.

18. Eosin Methylene Blue (EMB)
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19.
20.
21.

22.

Table 3.1. List of equipment used and their specifications

Nutrient Broth Powder (Sigma-Aldrich)

Lactose Powder (Sigma-Aldrich)

MacConkey Agar (Sigma-Aldrich)

Kankara Kaolin (Katsina, Nigeria)

S/No Name Model Manufacturer
1. Flask shaker SF1 Gallenkamp, England
2. Digital Weighing Balance  AB 204 (0 — 180g) Mettler Toledo, Switzerland
3. Halogen lamp 500 W
4, Oven TMOV - 420 (0-260 Gallenkamp, England
°C).
5. Furnace Nebertherm GmbH,
LH 120/14 (30-3000 °C) Germany
Hexatec, India
6. Autoclave
HIPL-001
] PANalytical, Netherlands
7. X — Ray Diffractometer
Empyrel
) Phenomworld, Netherland
8. Scanning electron
Microscope Machine Phenom pro-X
UV-Vis UV- 2500S Shimadzu
9. Spectrophotometer
HI 9A129
10.

pH, Conductivity, TDS

metre

Portable Hanna combo
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The beneficiated kaolinite clay was mixed with the zinc carbonate in various proportion by
impregnation. This mixed proportions were then calcined and characterized. The
characterized samples were the subjected to photocatalysis evaluations. Figure 3.1 gives the

process flow diagram forthe experimental procedure.

Water Kaolin

| l r ZnCO3

Beneficiation

of e  [mpregnation

kaolin l
L ' Calcination @ 1200°C  —p Characterization:
¢ XRD, XRF, SEM,

for 2hrs
Surface ﬁ!@éxﬁﬂgaa
Bacterial
ciltured . Photocatalysis
and
Raw water l

Bacterial Analyses and
COD Reduction

Fig. 3.1.Process Flow Diagram of the Experimental Procedure
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3.2  Wet Beneficiation of Kankara Kaolin Clay

Raw kankara kaolin, procured from kankara village, in Katsina state was crushed using a
mortar and pestle. It was then soaked in tap water (inside a plastic bucket) and properly
plunged to break up the small lumps and the colloidal suspension was allowed to stand for
three (3) days. During this period it was periodically stirred and fresh water added after
removing the previous day’s water by decantation. This was to remove the soluble impurities
in the clay. The kaolin suspension was thereafter sieved twice using a 50 micron sieve in

order to get rid of the intermediate coarse particles on the third day.

A sample from the clay fraction was taken at this stage before series of decantation rounds
on the slurry (<50um clay fraction) to ensure near complete removal of free silica, which are
close to kaolin in particle size distribution but seemingly heavier in mass (Othmer, 1997).
The kaolin fraction obtained at this stage is referred to as fully beneficiated sample. Prior to
analyses all the samples were dried at 120°C over night to ease handling and obtain zero
moisture content. Subsequently, the fully beneficiated sample was characterizedusing X-ray

spectrometry.

3.3  Preparation of ZnO/ Mullite Photocatalyst

Pure basic zinc carbonate (ZnCO3) manufactured by SIGMA-ALDRICH, containing from
58-61 wt. % Zn, was used alongside with beneficiated kaolinite clay obtained from Kankara.
The basis for the ZnO/Mullite support is 50g per sample. Stoichiometric calculation was
carried out to determine the required amount of zinc carbonate to be mixed with the kaolinite
(Appendix A). Five different samples with ZnO content ranging from 10% - 50% were
prepared alongside with the control for the experiment. These prepared samples were

calcined at 1200°C for 2 h.

39



Table 3.2 gives a summary for the synthesized ZnO/Mullite support.

Table 3.2: Amount of ZnCO3 mixed with kaolinite clay for photocatalyst preparation.

%wt (ZnO/mullite) ZnCOs3(g) Kaolin (g) Sample label

10 7.70 45 10-ZnO/Mullite
20 15.41 40 20-ZnO/Mullite
30 23.11 35 30-ZnO/Mullite
40 30.81 30 40-ZnO/Mullite
50 38.51 25 50-ZnO/Mullite

3.4  Characterization of the Synthesized Zno/ Mullite Support

3.4.1 Determination of point of zero charge (pHpxz)

The point of zero charge was carried out to determine the surface charge of the ZnO and its
composites. Exactly 0.1 M KCI was prepared and its initial pH was adjusted between 2.0 and
12.0 (11 different samples) by adding either NaOH or HCI. Then, 25 mL of prepared 0.1 M
KCI was taken in 100 mL flasks and 50mg of sample was added to each solution. These
flasks were shaken via shaker machine for 1 hour and the final pH was measured and plotted
against the initial pH. The point of intersects between the final and initial pH represents the

point of zero charge (pHpzc) of the sample (Zhai et al., 2008).
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3.4.2 Specific surface area determination (Sear’s method)

The surface areas of the unsupported and supported ZnO were determined using Sear’s
method. This analysis was done by agitating 1.5 g of the photocatalyst sample in 100 ml of
diluted hydrochloric acid of a pH of 3; 30 g of sodium chloride was then added with constant
stirring and the volume was made up to 150 ml with deionized water. The solution was
titratred with 0.10 N NaOH and the volume needed to raise the pH from 4 to 9 was recorded.
The specific surface area of synthesized photocatalyst was estimated using equation 3.1.

(Sears, 1956).

S (m”.g™?) = 32V-25. (3.1)
where S and V are the specific surface area in m°g™® and volume of NaOH in cm®
respectively
3.5  Photocatalytic Degradation of Methylene Blue
Methylene blue (MB) was used as an inorganic contaminant for the preliminary
photocatalytic activity for both the supported and unsupported ZnO samples. Exactly 10mg/L
of MB was prepared as stock solutions. 0.1g of unsupported ZnO and the various proportions
of the supported ZnO (10%, 20%, 30%, 40% and 50%) were added unto 100ml of MB
solution (0.1g/100ml), then shaken for 1h (using a flask shaker) in dark to reach adsorption-
desorption equilibrium after which it was then exposed to visible illumination. The light
experiment lasted for 60 min. Aliquots were taken at 10 min interval. These aliquots were
filtered, and analyzed using a UV-Vis spectrophotometer. Absorbance data were taken at

Amax OF 665nm. The percentage degradation was calculated using equation 3.2;
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Ap—A
Degradation (%) = -t X 100%.

(3.2)

Where Ay is the maximum absorbance at time zero (t=0) and A; is the maximum absorbance
on the absorption spectra of the MB solutions over time (tmin)= 10, 20, 30, 45, 60).

The pseudo first- order kinetic model was used to determine photodegradation rate constant

(Kapp) Of the contaminant using equation 3.3

Ln 0 /¢, = Kano 8 (3.3)

where Kqpp is the apparent photodegradation rate constant and Co and C; are the initial and

final concentrations of methylene blue solution after irradiation time, t, respectively.

3.6  Preparation of Bacterial Cultures

Nutrient agar was used as growth medium for measuring the remaining concentration of
bacteria after the photo-degradation process by plate counting method. The nutrient agar
media was prepared by dissolving 28 g in 1 L distilled water and poured in Petri dishes after
being autoclaved. The inoculum of microorganisms was prepared using 4 h cultured nutrient
broth at 37°C. The broth was prepared by dissolving 13 g in 1L distilled water. Saline
solution (0.9%) was prepared by dissolving 9.00 g NaCl in 1.00 L distilled water. The
solutions were then used to prepare suitable dilutions for the remaining bacteria in the
contaminated water samples after reaction stoppage. After dilution, the remaining bacteria
were cultured on nutrient agar to achieve countable number of colonies on the plates. Prior to

use in bacterial contamination and disinfection experiments, each water sample, was
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prepared by pouring 50 ml of distilled water in a 100 ml beaker. Each beaker was then
charged with a magnetic stirrer and tightly stoppered with aluminum foil to prevent external
contamination. All solutions were autoclaved at 121°C under 1.5 atm, and all procedures was
done under sterile conditions.

3.7 Bacterial Photo-Inactivation Experiments

ZnO/Mullite and naked ZnO in both micro scales were used as photocatalysts for bacteria
inactivation experiments. The catalyst (0.5g, 1 g, 1.5g, 2 g) was added to 50 ml distilled
water pre-contaminated with E coli bacteria (~2x10° cfu/ml) in 100 ml conical flask attached
to a flask shaker. The conical flask was agitated in the dark for 90min and aliquots were
taken at 30 min interval. This process was also carried out under visible light illumination at
room temperature. Mullite was used in dark to know if it affects E coli bacteria growth. A
sample was also exposed to light without addition of catalyst to examine light effect on
bacteria.

In addition, Salmonella enterica was used in the photo inactivation process, ZnO/mullite and
naked ZnO in both micro scales were used for bacteria inactivation experiments. The catalyst
(0.5 g, 1 g) g was added to 50 ml distilled water pre-contaminated with E. coli bacteria
(~2x10° cfu/ml) in 100 ml conical flask attached to a flask shaker. The conical flask was
agitated in the dark for 90min and aliquots were taken at 30 min interval. This process was
also carried out under visible light illumination at room temperature. Mullite was used in
dark to know if it affects salmonella growth. A sample was also exposed to light without

addition of catalyst to examine light effect on bacteria.

3.7.1 Measuring the residual concentration of bacteria
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After 90 min (end of the selected time) 1 ml of the treated sample was withdrawn using a
micropipette and diluted in a series of saline solution tubes at different dilutions, 10, 10 2
and 10, Aliquot of 100 pl was pipetted from each tube, cultured onto an appropriate media
plates and incubated at 37°C for 24 h. Then theresidualconcentration of bacteria was
calculated using plate count method, normalized to per ml water, reported, and compared
with the initial concentration in the control sample that was prepared using the same
concentration of bacteria in the same volume of water but without adding anything to or
exposing to any type of light. The degradation percent was calculated as represented in

Equation 3.4.

No—N
Degradation (%) = % X 100%. (3.4)
0

where N, is the initial bacterial concentration,

Nitis the final bacterial concentration

3.8 Measurement of COD

Five millilitres (5.0 mL) of conc. H,SO4 was placed into refluxing flask and 20 ml of aliquot
was added, then 10 ml of standard K,Cr,0O; solution. 30 ml AgSO, — H,SO, solution was
added slowly with gentle swirling, then the flask was connected to the condenser. The blank
mixture was prepared and allowed to reflux for 2 h, cooled at room temperature and the
condenser was washed with distilled water, the cooled sample was then poured into
Erlenmeyer flask and diluted to 150 ml then allowed to cool to temperature and then titrated
the excess dichromate as standard using 2 to 3 drops of ferroin as the indicatorto the end

point. The color change will be sharp, changing from a blue-green to a reddish hue.

COD = (a—b)Xxcx8000

" Volume of sample used '

(See appendix G)
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3.8.1 Measurement of pH

The electrode meter was set to pH mode and immersed into the liquid sample and the pH
reading was recorded.

3.8.2 Measurement of Conductivity

The electrode meter was set to conductivity mode and immersed into the liquid sample and
the conductivity of the sample was then recorded.

3.8.3 Measurement of total dissolved solid (TDS)

The electrode meter was set to TDS mode and immersed into the liquid sample and the total
dissolved solid of the sample was recorded.

3.9X-RAY SPECTROMETRY

3.9.1 Sample Preparation

Pulverization:

The samples were pulverized (grind to fine powder) using arget pulverizing machine
(planetary micro mill pulverisette 7). The ground samples were ensured to pass 150 micro
mesh sieves. This was to ensure homogeneity of the samples.

Pelletization:

5¢g of the pulverized sample was weighed into a beaker, 1g of binding aid (Starch soluble).
The mixture was thoroughly mixed to ensure homogeneity, which was pressed under high

pressure (6 “tone”) to produced pellets; labeled and package ready for the analysis.

3.9.2 Procedure of the analysis:
The pellets were carefully placed in the respective measuring positions on a sample changer

of the machine. The following condition sets were made as the machine was switched on.
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1. Nature of the samples to analyzed as press powder (pellet)
2. The current used as 14kv for major oxides, 20kv for the trace elements/rare earth
metals.
3. Selected filters were “kapton” for major oxides, Ag/Al-thin for the trace
elements/rare earth metals.
The selection of filters was guided by a given periodic table used for elemental analysis.
Time of measurement for each sample was 100 seconds and the medium used was air
throughout.
The machine was then celebrated by the machines gain control, after which the respective
samples were measured by clicking the respective positions of the sample changer.
LOI was determined gravimetrically by heating 1g of the powdered sample in a cleaned
weighed crucible at 1000°C. After which the crucible and the content was weighed to get the
difference in weight before and after heating.
LOI = (a-b/1) x 100% = H,O*
where a = weight of crucible + 1g of the sample before heating
b = weight of crucible + 1g of the sample after heating.

3.10 X-Ray Diffraction

A few tenths of a gram of the samples were obtained, as pure as possible and grinded to a
fine powder, typically in a fluid to minimize inducing extra strain (surface energy) that can
offset peak positions, and to randomize orientation. Powder less than 10x10° m(or 200-mesh)
insize is preferred. The powder samples were placed into sample holders or onto the sample

surfaces. Packing of fine powder into a sample holder is carried out as follows:

46



1. the samples weresmear uniformly onto a glass slide, assuring a flat upper surface
2. the samples werepacked into sample containers

3. the samples were then sprinkled on double sticky tape

After this, the samples were then charged into the diffractometer. The intensity of diffracted
X-rays is continuously recorded as the sample and detector rotate through their respective
angles. A peak in intensity occurs when the mineral contains lattice planes with d-spacings
appropriate to diffract X-rays at that value of 6. Although each peak consists of two separate
reflections (Ko and Kay), at small values of 20 the peak locations overlap with Ka
appearing as a hump on the side of Ka;. Greater separation occurs at higher values of 0.
Typically these combined peaks are treated as one. The 2A position of the diffraction peak is

typically measured as the center of the peak at 80% peak height.

3.11 Scanning Electron Microscopy

A few tenths of a gram of the samples were obtained, as pure as possible and grinded to a
fine powder less than 10x10° m (or 200-mesh) in size. The powder samples were placed on
an aluminum holder stub using a double sticky carbontape. The samples were theninsulated
with gold and electricallygrounded. Then the samples were completely dried in the oven at
60°C for at least 3 hours depending on the sample conditions. The rule of thumb is that it is
better to leave them overnight in the drying oven. The dried samples were then charged into

the scanning electron microscope to view the morphology at different magnification.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1.  Characterization of the Synthesized Photocatalysts

X-ray spectrometry, X-ray diffraction, Scanning electron microscopy, Specific surface area
analyses and the Point of zero charge techniques were all used for the characterization.

4.1.1. Chemical compositions of raw kaolin, beneficiated kaolin and mullite

Table 4.1 presents the chemical composition of the raw kaolin, beneficiated kaolin and the
mullite produced. The Si/Al ratio of the raw clay which was initially 1.90 decreased slightly
by 2.4% after beneficiation. The decrease in the Si/Al ratio could be attributed to washing
away of silica during the beneficiation process. There was no appreciable reduction in, CaO,
CuO and TiO,. Nevertheless, some appreciable reductions were observed in the KO, Na,O,
MgO and trace elements before and after beneficiation. The reductions likely occurred as
result of washing off of soluble salts during the beneficiation process. It is worth noting that
Fe,O3 had rather increased after the beneficiation; it was not clear what was responsible for
the increment, however, the same trend have been reported for Kankara clay by other
researchers (Otuet al., 2013). The loss of ignition(L.O.I or others) of the raw kaolin was
11.85 wt%, it increased 12.20wt% after beneficiation. The increase after beneficiation could
be attributed to increase in clay content of the kaolin resulting from washing away of

impurities.
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Content Raw kaolinite wt %  Beneficiated Mullite wt %
kaolinite clay wt %

Al;,O3 28.49 29.40 45.30
SiO, 56.29 55.20 51.20
K20 1.10 0.51 0.20
Na,O 0.14 0.04 NA
CaO 0.29 0.27 0.18
MgO 0.61 0.04 NA
TiO, 0.24 0.14 0.08
MnO 0.008 0.006 0.015
V705 0.017 - 0.0088
Cr03 0.044 0.024 0.012
BaO 0.16 0.09 0.01
Zn0O 0.014 0.002 NA

Fe 03 0.537 0.65 0.921
Eu,03 0.12 0.11 0.008
NiO 0.02 0.011 0.016
CuO 0.043 0.032 0.0086
Ga,03 0.027 0.019 0.009
Others 11.85 12.20 -

Total 100 98.74 97.97
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4.1.2 XRD analysis of the synthesized photocatalysts

Figure 4.1 shows the XRD patterns of the synthesized ZnO from thermal decomposition of
basic zinc carbonate. The XRD pattern was characterized by some dominant peaks at high
and low intensity with Bragg’s angles of 31.3° 34.8° 35.7°, 47.1° and 56.1%s reported by
Hutera et al., (2013). This is also in agreement with the powder diffraction standard data
(JCPDS No. 36-1451). The reflection peaks corresponding to the planes (100), (002), (101),

(102), (110)confirms the hexagonal wurtzite structure of ZnO.
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The dominant peaks detected correspond to the peaks of zincite, which shows that the
thermal decomposition of ZnCOj3 into ZnO at 1200 °C had minimal impurities as reported by

Ghaffarian et al.,(2011). The ZnO crystallite diameter size D was calculated using the
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Debye-Scherer’s formula given by equation 2.20. The particle size and specific surface area

(SSA\) of the synthesize ZnO samples were 54.23nm and 86.2m?/g respectively.
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XRD patterns of mullite sintered at a temperatures of 1200 °C for 2 h using the heating rate
of 10 °C/ min is given in Figs. 4.2. The XRD analysis showed some amount of impurities
(quartz) and Braggs angles of 16.5°, 26°, 31°, 33°35° 41%45° 47° 59° which is in agreement
with thepowder diffraction standard data (JCPDS No. 15-0776) and reported literature.
However there were minimal amount of impurities reported by other researchers, this can be

attributed to geographical location and soil formation(Aksel and Kalemtas, 2004)
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4.1.3Scanning Electron Microscopy (SEM) Analysis




Plate 1a show the SEM images of beneficiated Kankara kaolin, scanned at 2000 and 20000
magnifications. The platelet structure of kaolinite clay reported in the literature (Abo-El-
Enein, et al., 2013; Bergaya, 2013) which normally portrays booklets morphology could be
observed. The booklet morphology consisting of platelet sheets of kaolinite mineral as
reported in the literature, becomes clearer at high magnification only.Plate 1b shows the
SEM images for mullite samples sintered at 1200 ‘C for 2h. This SEM analyses images
portrays particles with varying crystallite sizes of Mullite, beside some impurities of quarzt in
the sintered substrate as reported in literature (Tucci et al., 2007; Oliverira et al., 2002; Lee,
1998). The thermal decomposition of the kaolinite fired at 1200°C depicts some typical
features of amorphous regions in the physical transformations as also seen in plate 1b. This
could be attributed insufficient heat penetration through sample and high heating rate as
reported in literature (Lee et al.,2008; Romero et al., 2006; Chen et al., 2000). It is clearly
observed that at a higher magnification plate (1b), the presence of a plate-like structure
(mullite) is seen.Plate 1c represents the SEM image of synthesized ZnO particles at different
magnifications. These image shows that the synthesized ZnO have spherical morphology
with crystallite size of less than 1um. These image substantiate the approximate spherical
shape of ZnO, and most of the particles exhibit some faceting as reported in literature (Wang,
2004; Gao et al., 2005; Gupta et al., 2006). The measured surface area of the synthesized
ZnO (86.2m?/g) is in agreement with reported works in literature (Polarz et al., 2005; Jiu et
al., 2003) which gave the range between 11m?/g t0202m?/g depending on the mode of
preparation. Also the high sintering temperature (1200°C) used in the syntheses resulted in

having highly crystalline ZnO (Zhou et al., 2007; Zhai et al., 2008).
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Plate 1d shows the SEM images for 20-ZnO/mullite sample sintered at 1200 ‘C for 2h. The
attachment of ZnO particles into clay support change surface profile of mullite as reported in
literature (Ma et al., 2009;  Modirshahla et al.,, 2009). ZnO particles are uniformly
deposited on the surface of mullite. It is found that ZnO dispersion was followed by reducing

surface area of mullite (202.2 m?/g).

4.1.4. Specific Surface Areas of the Synthesized Photocatalysts

The specific surface areas of the synthesized ZnO, mullite and the ZnO/mullitemeasured
using the sear’s method are shown in Table 4.2. As can be seen in the table, the specific
surface area of the unsupported Mullite is 202.2 m?/g. When ZnO was loaded on mullite the
specific surface area of the composite decreased with increase in the ZnO loading. It has been
reported that the specific surface area of the photocatalysts mostly decreases with increase in

the molar ratio of the active component on the support material (Kostedt et al., 2010).
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Table 4.2 Specific surface areas of the synthesized ZnO and various ratios of

ZnO/Mullite.

Photocatalysts Specific Surface Area (m%/g)
ZnO 86.2

10wt% ZnO/mullite 147.8

20wt% ZnO/mullite 144.6

30wt% ZnO/mullite 106.2

40wt% ZnO/mullite 96.6

50wt% ZnO/mullite 91.7

Mullite 202.2

4.1.5 pH at point of zero charge of the photocatalyst

The pH at point of zero charge (pHpzc) of synthesized ZnO and the mullite supported ZnO
are presented in Table 4.3. The measured pH at point of zero charge of synthesized ZnO via
impregnation method was 8.7, which is close to the values of 8.5 — 9.3 reported in the
literature (Fatehah et al., 2014; Li et al., 2013; Zhang et al., 2008). pH at point of zero charge
(pHpzc) determines the pH where the surface charge of the material is zero or neutral. Above
this pHpzc (8.7), the ZnO surface is negatively charged due to the formation of O on the
surface while below 8.7 the surface charges of ZnO particles are positively charged as a
result of formation of Zn**. For the ZnO/mullite composites, it was observed that the pH
values increased from 10 wt% ZnO/Mullite to 50 wt% ZnO/Mullite which represent a shift

towards the pH at point of zero charge of SiO,.
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;ITable 4.3. pH at zero of point charge of the photocatalysts

Photocatalysts PHpz
Zn0O 8.7
10 wt% ZnO/Mullite 6.3
20 wt% ZnO/Mullite 6.8
30 wt% ZnO/Mullite 7.3
40 wt% ZnO/Mullite 7.8
50 wt% ZnO/Mullite 8.2

This indicates that the attachment of silica on the bare ZnO surface. However, there are
insufficient reported literatures on the pHpzc of various proportions of the compositesbut it
can be deduced from Table 4.3 that silica layer had a great influence on altering the pHpzc of
ZnO which led to the increase in the pH values as the ZnO loading increases (Dong et al.,
2015).

4.1.6 Preliminary evaluation of photocatalytic activity of the synthesized Zno and
Zno/mullite composites.

Preliminary evaluations of photocatalytic activity of ZnO and ZnO/Mullite composites were

carried out on model compounds (Methylene blue) in line with the International Standard
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Organization (ISO-10678:2010) and is reported various literatures (Qaradawi and Salman
2002; Wang et al., 2004). This evaluation was in orderto determine the photocatalytic
activities of ZnO and relative mullite supported ZnO.Photocatalytic evaluation of ZnO and
varying proportion of ZnO/Mullite (10-ZnO/mullite, 20-ZnO/mullite, 30-ZnO/mullite, 40-
ZnO/mullite and 50-ZnO/mullite) werecarried out. These evaluations were carried out under
visible light illumination at various time interval while the degradation processes were
monitored. Figure 4.3 shows the effect of irradiation time on the photocatalytic
decolourisation of methylene blue. The decolourisation efficiency increased with increase in
irradiation time up to about 60 min. At the initial stages of the decolourisation process, there
were abundance of active sites on the photocatalyst surfaces. Hence, it should be expected
that the photocatalytic reactions will be fast during these early stages. Similar observations

have been reported by other researchers (Umoren et al., 2013; Liu et al., 2014).

——7n0
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20-ZnO/Mullite

% degradation
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—8— 50-Zn0O/Mullite

0 10 20 30 40 50 60 70
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58



Figure 4.3: Photocatalytic degradation of MB using ZnO and varying proportion of

ZnO/Mullite composites under visible light irradiation

The kinetic parameters of photocatalytic degradation of MB in aqueous solution with ZnO
and The kinetics of photocatalytic degradation of MB is usually described by the pseudo-
first order approximation of the Langmuir Hinshelwood (L-H) kinetic model (Equation.
2.34).The plot of In C,/Cagainst time (Figure 4.4)resulted in a linear relationship from which
the values of the apparent rate constants(kap,) Were determined. The pseudo first order rate
constants calculated from the plot are given in Table 4.3 for each photocatalyst studied. The
straight line plots as well as the high values ofR? obtained showed that the pseudo first order
equation was able to describe the kinetics of the process. The values of the kapp increases
with increase in the ZnO content of the composite. This can be attributed to the increase in
available active sites on the surfaces of the catalyst. Similar observations were reported by

Eren and Acar (2006).
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Figure 4.4: Pseudo first order kinetic plot for the solar photocatalytic degradation of
methylene blue using the synthesized ZnO/Mullite composites

Table 4.4:  Values of Kap(min™) and R? for MB degradation using ZnO and
ZnO/Mullitecomposites

Sample Rate constant,kapp,x10(min™) R?
ZnO 24 0.91
10- ZnO/Mullite 6.4 0.99
20- ZnO/Mullite 7.8 0.96
30- ZnO/Mullite 10.7 0.99
40-ZnO/Mullite 12.9 0.94
50-ZnO/Mullite 19.4 0.99
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4.2  Photocatalytic Inactivation of E.coli and S.entericain Water

The results of the photocatalytic inactivation are presented in Figure 4.5, 4.6, 4.7, 4.8More
than 90% bacterial inactivation was achieved by the ZnO/mullite composite system under
visible light irradiation. ZnO as powerful oxidizing agent, oxidizes the bacterial cell wall
together with internal contents, and consequently cause cell death. Supporting ZnO on
mullite increases the surface area of ZnO making it more expose to visible light. The ZnO is
sensitive to UV tail that exists in the visible light. Thus the ZnO absorbs the UV tail and
behaves as photo-catalyst with good catalytic activity causing up to ~ 98% inactivation.This
enhancement observed in the ZnO/mullite is attributable to the extended and elevated
absorption in the visible range and the reduction in the carrier recombination due to effective
charge separation in accordance with interfacial model for the ZnO/mullite systems. Figure
4.5 gives a representation of E.coli inactivation using 1g of the synthesized ZnO and

ZnO/mullite composite.
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4.2.1 Effect of photocatalyst concentration on efficiency

For economic disinfection of contaminated water, the optimum amount of photocatalyst
necessary for efficient inactivation was investigated here. Inactivation percent increased with
increasing the added weight of the photocatalyst until a maximum efficiency was observed at
a given catalyst weight (0.5 — 2.0g) this observation was also reported by 1s(2012).
Increasing the amount of the photocatalyst provides higher surface area and more active sites
for the adsorption and inactivation reaction and makes more utilization for the incoming light
that transmitted through the reaction medium in the photo-catalytic reaction. Therefore,
higher percent of inactivated bacteria was achieved with more photocatalyst. However,
increasing amount of the photocatalyst more than the 1.5 g/Lbrings about turbidity in the
reaction medium, which shields off incident light. This leads to decrease in measured
photocatalyst efficiency and bacterialinactivationpercentage as shown in figure 4.5, 4.6, 4.7

and 4.8.
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Both the synthesized ZnO and ZnO/mullite photocatalyst showed high percentage of
inactivation (Figure: 4.5, 4.6, 4.7 and 4.8). The system was more efficient in the light phase
when compared with the dark phase. Inactivation range of between 90 to 98% was achieved
using both ZnO and ZnO/mullite photocatalyst within 30- 90 min depending on the
generation of reactive hydroxyl radicals on the surfaces of the photocatalyst. This behavior
was noticed in the 2.0g photocatalyst concentration both for ZnO and ZnO/mullite catalysts
even in the dark as shown in Figure 4.7. Various literature reports emphasized parallel
behaviors (Paddock et al., 1999; Brayner et al., 2006; Tayel et al., 2011]. ZnO/mullite
photocatalyst have higher surface area and more active sites. More bacterial cells adsorbed
on the catalyst surface and more percent of bacteria inactivation is achieved. The amount of
the dispersion particles, per volume in the reaction medium, increases with decreasing ZnO

particle size. This enhances photon absorbance and H,O adsorption on the surface.
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4.2.2 Effect ofcontrol experiments on bacterial inactivation

Control experiments were conducted in the absence of catalyst, absence of light, or absence
of both (Figure 4.9). Some bacteria were affected with photolysis, in the absence of any
photocatalyst type, showing up to 35% loss due to the visible light irradiation. Despite the

need of bacteria for light in their life and growth, it may be harmful for them. Visible light
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contains UV tail that affects the bacterial cell and causes mutations (changes in DNA
sequence). The E coli and S.entericabacteria are known to be especially sensitive to UV
irradiation (Oteiza et al., 2005). During the dark experiment, the slight inactivation recorded
in the bacterial concentration, were due to bactericidal activity of Zn*" ions that could
accumulate in the cell membrane and causes disruption of the membrane (Atmaca et al.,
1998). Zinc penetrates through the cell membrane and inhibits nutrient uptake and interferes
with proton transfer (Paddock et al., 1999). Mullite itself didn’t affect E.coli and
S.entericabacteria (Figure 4.9). It is reported in literature that most support material

incorporated in photocatalysis enhances the surface area of the active substance only.
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4.2.3 Effect of bacteria concentration on photocatalyst efficiency

At low bacterial concentrations, increasing the photocatalyst concentration increased the
inactivation percent (Table 4.5). At higher concentrations, increasing bacterial concentration
lowered inactivation percentage as when compared with lower bacterial concentration.

When bacteria concentration increases more bacterial cells are adsorbed on the catalyst
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surface and so more bacterial cells are inactivated. That is why higher percentage of
inactivation were recorded in most of the photocatalyst concentration used over time.

Table 4.5: Performance of ZnO/Mullite for inactivation of bacteria in Zaria raw
water in the dark and under illumination for 90 min

Composition Dark experiment cfu/ml Photocatalytic exp cfu/ml
Initial cfu 2x10* 2x10*

Mullite 2.0x10* 2.x10°

ZnO 367 0.00

10%Zn0O/M 355 0.00

20%2Zn0O/M 350 0.00

30%2Zn0O/M 311 0.00

40%2ZnO/M 230 0.00

50%2Zn0O/M 205 0.00

4.2.4 Photocatalytic treatment of Zaria dam raw water.

The COD value is a measure of all chemically degradable organic pollutants in water. The
result of COD reduction of the Zaria dam raw water via photolysis adsorption in the dark and
photocatalysis are presented in Fig. 4.11. It was found that irradiation of the raw water for 90
mins in the absence of photocatalysts (photolysis) showed no significant reduction in the
COD, this indicates that the organic load of the sample irradiated without photocatalyst did
not change drastically and the small change in the COD observed was due to the
photochemical — oxidation of the organic compounds present in the raw water (Pelentridou et
al., 2009). Therefore, irradiation without photocatalyst was not sufficient to degrade
efficiently the raw water. When the solution was exposed to visible light irradiation in the
presence of ZnO and varied proportion of ZnO/mullite photocatalystfor 90 mins, an
appreciable reduction in the COD (14- 64%). This isin agreement with work carried out by

Vineetha et al.(2013) where an increase in the photocatalyst dosage resulted in 75%
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reduction in the COD. Figure 4.12 evidently shows that 50 wt% ZnO/mullite photocatalyst
synthesized has better photocatalytic performance than other photocatalysts synthesized in

reference to the COD reduction.
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4.3.  Kinetic Study for E.coli inactivation and microbicidal photonic efficiency

The bactericidal activities of the synthesized ZnO and ZnO/Mullite samples were
investigated by evaluating the inactivation of E. coli bacterium under dark and visible light
irradiation. The results of the comparison of the photocatalyst are depicted in Fig. 4.11.The
Gram negative bacterium E.coli can be almost completely inactivated within 90 min with
mixed ZnO/mullite photocatalysts under visible light irradiation. The decrease of the cfu
count on an agar plate was used for evaluation of bactericidal activities. The Chick—Watson
model was applied as a disinfection kinetic model (Marugan et al., 2008). The rate constant
was calculated by plotting In N/No against time (Fig. 4.12) where N and Ny are survived and
initial cfu count of E.coli under exposure. The rate constant values are given in Table 4.6. All
the synthesized photocatalysts under irradiation samples showed high rate constant compared
to the one in the dark. A small increase in rate constant observed in the 1 g/L compared to the
other concentrations. The rate constants values are comparable with that in literature
(Akhavan et al., 2009; Ranjith et al., 2011). This result clearly indicates the role of developed

photocatalyst in the inactivation process.

Photocatalyst (g/I) Rate constant min™ Light  Rate constant min"Dark  R®

0.5 0.1216 0.0140 0.977
1.0 0.1900 0.0144 0.968
1.5 0.0884 0.0055 0.989
2.0 0.0105 0.0046 0.936
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Figure 4.11: E coli inactivation spectra of ZnO/mullite samples
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Figure: 4.12 Disinfection rate constant calculation spectra of ZnO/mullite samples
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5.1

CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions were made based on the results obtained in this research:

ZnO and its support :10-ZnO/mullite, 20-ZnO/mullite, 30-ZnO/mullite, 40-
ZnO/mullite and 50-ZnO/mullite were synthesized by impregnation method and
characterized using XRD,XRF, SEM, pH,, and surface Area Analysis.

The preliminary Photocatalytic evaluation showed that the photodegradation of MB
using the synthesized ZnO was 82.97% while 50-ZnO/mullite support exhibit the
highest photodegradation of 68.57% among the ZnO/mullite supports. This activity
decreases with decrease in ZnO content.

The experimental data for the photodegradation of MB obtained followed the pseudo
first order kinetic model

Anchoring the ZnO on mullite layer as a support shows its potential on altering the
pHpzc of ZnO.

The 1 ¢g/L and the 30-ZnO/mullite support gave a better performance in the
inactivation of E.coli and S.enterica.

The 1g/L, 30wt%-ZnO/mullite sample showed high rate of bacterial inactivation
among the concentrations compared.

The efficacy of the ZnO/mullite in E.coli inactivation of Zaria raw water under visible

light illumination was high (complete inactivation within 90 min).
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8.

The percentage COD reduction of Zaria dam raw water was 64 using the 50-

ZnO/mullite support.

Recommendation

1.

The ZnO/mullite photocatalystshould be tested against other types of bacteria (e.g
gram positive bacteria) and other microorganism

The ZnO/mullite photocatalyst should be tested on different chemical pollutants such
as fertilizer, pesticides, drugs and other water pollutant.

The ZnOshould be anchored on different supports such as activated carbon and sand
to compare the inactivation processes.

Other methods for ZnO preparation should be considered since the preparation
methods has influence on the particle size and studying the efficiency.

Thephotocatalytic activity against bacteria on longer time intervals should studied.
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APPENDIX A
SYNTHESIS OF ZnO/MULLITE PHOTOCATALYST CALCULATIONS

Calculation for percentage quantity of ZnO/Mullite synthesized from the precursors (ZnCO3
and AlSi,Os(0OH),) is presented below.

Basis 50g of ZnO/Mullite

Zn0O (A-1) Kaolinite
90
10 _ —— X 50 =45g
100 X 50 = 5g 100
20 89 50=40
30 70
= — — X50=235
5 %50 =159 100 g
60
40 _ — x50 = 30g
100 x 50 = 20g 100
50 50
Too X °0 =25 Tog X 50 = 259

The balance equation is:

ZnCO3i) — ZnOg) + COy

Heat
Molar mass (g/mol) of each element are:

Zn=65, O=16, C=12

Material balance over reaction A-1

To produce 5¢, 10g, 159, 20g, 25g of Zinc oxide (ZnO)
Molar mass of ZnO = 81.4g/mol

Molar mass of ZnCO3; = 125.4g/mol
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The amount of ZnCOg required to produce 5g, 10g, 15g, 20g, of ZnO is calculated below;
125.4 Xy

Mass of ZnCOjs required (x) = 814

In summary,

To produce ZnO/Mullite in the proportion illustrated in A-1 the following materials
are charged in the furnace at 1200°C

ZnCO3 (g) Kaolinite (g)
7.70 45
15.41 40
23.11 35
30.81 30
38.51 25
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APPENDIX B

CRYSTALLINE SIZE DETERMINATION FROM XRD DATA

KA

from data obtained
Bcos6

The crystal sizes were determined using Scherer’s equation, D =

from XRD analysis. For the samples under discussion, K=0.89, A=0.1540 nm and B = (O,-
O1)
Where, D = particle size, nm
A=1.54A
B= width at Full Width at Half Maximum (FWHM) in radians
260=Bragg angle
1. The synthesized Mullite;
At 20 =123.81°, ©;=23.48°, ©,=24.14°
B=(24.14— 23.48)17;—0 =0.01152

oo KA __ 0.94x0.1542
" Bcos®  0.01152xcos 11.91

=12.86nm

2. 10-ZnO/Mullite
At 20 =34.11° 6, = 33.96°, 6, = 34.26°
B=(34.26— 33.96)17;—0 = 0.005236

oo KA 0.94x0.1542
" Bcos®  0.005236xcos 17.06

= 28.96nm

3. 20-ZnO/Mullite
At 20 = 34.260, O,.= 34.150, 0, =34.26°

B = (34.26 - 34.15)=- = 0.004014
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. KA 0.94x0.1542
" Bcos®  0.004014xcos 17.13

=37.79nm

. ZnO

At 20 = 33.76° O, = 33.68°, O, = 33.84°
B=(33.84— 33.68)% =0.002793

. KA 0.94x0.1542
" Bcos®  0.002793xcos 16.88

=54.23nm
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APPENDIX C

SURFACE AREA DETERMINATION USING SEAR’S METHOD
The specific surface areas (SSA) of the samples were determined using Sear’s method
according to the equation S (m%/g) = 32V-25

1. ZnO 32 x 3.48 — 25 = 86.2m?/g

— 2
2. Mullite 32x7.10—25=2022m*/g

3. 10-ZnO/Mullite 32x%x530—-25= 144.6m2/g

32 X 4.10 — 25 = 106.2m?/g

4. 20-ZnO/Mullite

5. 30-ZnO/Mullite 32 x 540 — 25 = 147.8m?/g

6. 40-ZnO/Mullite 32 x 3.80 — 25 = 96.6m?/g

7. 50-ZnO/Mullite 32 x3.65 — 25 = 91.7m?/g
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APPENDIX D
DETERMINATION OF pH AT POINT OF ZERO CHARGE USING DRIFT

METHOD

Table D: pH values (pHinitiat and pHrinal) for the photocatalysts

Zn0O 10-ZnO/M  20-ZnO/M  30-ZnO/M  40-ZnO/M  50-ZnO/M
PHnitial PHEinal PHFinal PHEFinal PHFinal PHEinal PHEina
2 0.9 2.5 2.4 2.7 2.5 2.2
3 2.0 3.3 3.7 3.1 5.2 2.8
4 15 4.3 4.2 5.3 4.7 4.4
5 4.0 5.8 6.1 6.8 55 51
6 4.0 55 7.2 6.4 5.7 5.9
7 6.0 5.8 6.3 7.1 6.2 6.5
8 7.1 6.9 7.2 6.5 5.7 6.8
9 8.5 7.8 7.3 7.8 6.0 6.7
10 10.2 8.8 9.1 8.3 6.5 7.3
11 10.9 9.5 10.2 9.9 7.5 8.8
12 11.6 10.5 11 11 8.5 9.5
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APPENDIX E

PRELIMINARY PHOTOCATALYTIC ACTIVITY OF THE SYNTHESIZED ZnO

AND ZnO/Mullite PHOTOCATALYSTS

It should be noted that at low concentration of the pollutants, the absorbance value (A) is
equal to the concentration according to Beer- Lambert’s law, since the parameters € and L are

constants. Therefore, Absorbance (A) = Concentration (C)

A=logyo (I/lg) = €. C. L E-1

Photocatalytic Degradation of Methylene Blue (MB)

Initial concentration of methylene blue (MB) =10mg/L

Initial absorbance value of methylene blue (MB) = 1.412

Maximum wavelength (Amax) for MB absorption =665nm

Catalyst dosage= 0.19/100ml of solution

Source of light = Visible light irradiation

Dark absorption= 60 minutes

Initial concentration at time zero (t =0) using ZnO is: Cy = 1.292

Initial concentration at time zero (t =0) using 10-ZnO/mullite is: Co = 1.240

Initial concentration at time zero (t =0) using 20-ZnO/mullite is: Co = 1.201
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Initial concentration at time zero (t =0) using 30-ZnO/mullite is: Co = 1.170

Initial concentration at time zero (t =0) using 40-ZnO/mullite is: Co = 1.130

Initial concentration at time zero (t =0) using 50-ZnO/mullite is: Co = 1.120

Degradation (%0)

Co—C
= % X 100%.

0

E-2

Table E2: % degradation for photocatalytic degradation of MB using the synthesized

photocatalysts
Time 10- 20- 30- 40- 50-
(min)  ZnO ZnO/mullite  ZnO/mullite  ZnO/mullite ZnO/mullite  ZnO/mullite
0 0 0 0 0 0 0
10 7.043344 3.870968 6.827644 9.316239 10.97345 15.89286
30 45.66563 15.16129 24.97918 29.05983 37.16814 44.375
45 59.52012 25.80645 33.05579 38.03419 38.93805 59.01786
60 82.97214 33.06452 34.22148 46.75214 54.86726 68.57143
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Table ES3: LnCO/C for photocatalytic degradation of MB using the synthesized
t

photocatalysts

Time 10- 20- 30- 40- 50-

(min) ZnO ZnO/mullite  ZnO/mullite  ZnO/mullite  ZnO/mullite  ZnO/mullite

0 0 0 0 0 0 0
10 0.073037 0.039479 0.070719 0.097792 0.116236 0.173079
20 0.159065 0.101783 0.12772 0.239299 0.282386 0.359229
30 0.610013 0.164418 0.287405 0.343333 0.464708 0.586537
45 0.904365 0.298493 0.401311 0.478587 0.493281 0.892034
60 1.770319 0.401441 0.418877 0.630213 0.795562 1.157453

Table E4: Ln No/N for photocatalytic inactivation of e coli using the synthesized 30-
ZnO/mullite photocatalysts

TIME Light Light Light Light Dark Dark Dark Dark
(min)  0.5¢ 1.0g 1.5¢ 2.0g 0.5g 1.0g 1.5¢ 2.0g
00 0 0 0 0 0 0 0

30 4.759321 4.941642 2.351375 2.402669 0.154151 0.182322 0.126752 0.074108

60 7.179689 7.649693 4.877104 4.877104 0.370374 0.441833 0.303682 0.271934

90 10.64542 19.85577 8.34284 10.64542 1.658228 1.658228 0.518794 0.441833
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PHOTOCATALYTIC INACTIVATION OF E.COLI AND S.ENTERICA USING THE

SYNTHESIZED ZnO/Mullite PHOTOCATALYSTS

Table F1: E.coli inactivation in the dark/light using 0.5/L

Zn0O
Time Dark Light Time  Dark Light
0 220x10°  4.20x10° 0 4.20x10° 4.20x10°
30 2.45x10°  3.70x10" 30 3.70x10° 3.90x10°
60 152x10°  1.85x10° 60 3.30x10° 1.30x10°
90 150x10°  0.00x10° 90 2.10x10° 2.00x10°
20-ZnO/Mullite 30-ZnO/Mullite
Time  Dark Light Time Dark Light
0 4.20x10° 4.20x10° 0 4.20x10° 4.20x10°
30 3.90x10° 2.20x10° 30 3.60x10° 3.50x10°
60 3.40x10° 2.00x10° 60 2.90x10° 8.30x10*
90 2.80x10° 1.20x10° 90 1.40x10° 0.00x10°
40-ZnO/Mullite 50-ZnO/Mullite
Time(min) Dark Light Time(min) Dark Light
0 4.20x10° 4.20x10° 0 4.20x10° 4.20x10°
30 4.00x10° 3.80x10° 30 4.10x10° 3.90x10°
60 3.70x10° 1.60x10* 60 3.90x10° 1.30x10*
90 3.50x10° 3.50x10° 90 3.80x10° 5.00x10°

10-ZnO/Mullite
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Table F2: E.coli inactivation in the dark/light using 1g/L

Zn0O
Time Dark Light
0 4.20x10° 4.20x10°
30 2.40x10° 3.50x10°
60 1.49x10° 1.42x10°
90 4.00x10° 0.00x10°
20-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 3.70x10° 4.10x10*
60 3.20x10° 2.00x10*
90 2.50x10° 2.20x10°
40-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 3.90x10° 4.10x10*
60 3.40x10° 2.50x10*
90 3.20x10° 3.00x102
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10-ZnO/mullite

Time Dark Light
0 4.20x10° 4.20x10°
30 3.60x10° 3.70x10*
60 3.10x10° 1.20x10°
90 2.00x10° 1.50x10°
30-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 3.50x10° 3.40x10%
60 2.70x10° 2.00x10*
90 8.00x10° 0.00x10°
50-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 4.00x10° 5.20x10*
60 3.70x10°% 3.05x10%
90 3.50x10° 3.80x10°




Table F3: E.coli inactivation in the dark/light using 1.5¢/L

Zn0O
Time Dark Light
0 4.20x10° 4.20x10°
30 3.10x10° 3.70x10*
60 1.80x10° 1.13x10*
90 1.30x10° 2.00x10?
20-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 4.00x10° 4.00x10°
60 3.70x10° 8.00x10*
90 3.30x10° 8.00x10°
40-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 4.10x10° 4.10x10°
60 3.80x10° 1.20x10°
90 3.50x10° 8.00x10*
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10-ZnO/mullite

Time Dark Light
0 4.20x10° 4.20x10°
30 3.90x10° 3.80x10°
60 3.60x10° 5.00x10*
90 2.90x10° 1.40x10*
30-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 3.70x10° 3.60x10°
60 3.10x10° 3.20x10*
90 2.50x10° 1.00x10°
50-ZnO/mullite
Time Dark Light
0 4.20x10° 4.20x10°
30 4.10x10°% 2.00x10°
60 3.90x10°% 2.00x10°
90 3.60x10° 2.10x10*




Table F4: E.coli inactivation in the dark/light using 2g/L

Zn0O
Time Dark Light
0 4.20x10° 4.20x10°
30 3.60x10° 3.80x10*
60 2.00x10° 1.13x10*
90 1.40x10° 2.00x10°
20-ZnO/mullite
Time
(min) Dark Light
0 4.20x10° 4.20x10°
30 4.10x10° 4.10x10°
60 3.80x10° 3.00x10°
90 3.50x10° 2.50x10*
40-ZnO/mullite
Time
(min) Dark Light
0 4.20x10° 4.20x10°
30 4.10x10° 4.10x10°
60 3.80x10° 4.00x10°
90 3.70x10° 3.20x10°
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10-ZnO/mullite

Time

(min) Dark Light

0 4.20x10° 4.20x10°

30 4.00x10° 3.90x10°

60 3.80x10° 2.00x10°

90 3.20x10° 1.80x10*

30-ZnO/mullite
Time
(min) Dark Light
0 4.20x10° 4.20x10°
30 3.90x10° 3.80x10°
60 3.20x10° 3.20x10%
90 2.70x10° 1.05x10°
50-ZnO/mullite

Time
(min) Dark Light
0 4.20x10° 4.20x10°
30 4.10x10° 4.10x10°
60 4.00x10° 4.10x10°
90 3.70x10° 4.00x10*




Table F: Salmonellai inactivation in the dark/light using 0.5g/L and 1g/L

Time
(min)

10-ZnO/mullite

Dark Light

30

60

90

4.20x10° 4.20x10°
3.60x10° 3.70x10°
3.10x10° 1.00x10°

1.90x10° 1.80x102

Time
(min)

30-ZnO/mullite

Dark Light

30

60

90

4.20x10° 4.20x10°
3.50x10% 3.20x10°
2.70x10° 7.00x10%

9.00x10° 0.00x10°

Time
(min)

10-ZnO/mullite

Dark Light

30

60

90

4.20x10° 4.20x10°
3.20x10° 3.50x10%
2.80x10° 5.0x10*

1.60x10° 1.00x10°

Time
(min)

30-ZnO/mullite

Dark Light

30

60

90

4.20x10° 4.20x10°
3.10x10° 2.90x10*
2.30x10% 1.00x10%

4.00x10° 0.00x10°
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COD Determination of Zaria dam raw water solution under photocatalysis.

Where : a- volume for blank = 8.50

CoD

b- volume for sample

APPENDIX G

(a—=b) xcx8000

c- volume of normality = 0.25N

volume of samples = 20ml

COD of raw water = 750mg/L

~ Volume of sample used

Photocatalyst COD (dark) COD (light) % COD removal % COD removal
(Dark) (light)

Zn0O 730 640 2.67 14.67

10-ZnO/mullite 720 630 4.00 16.00

20-ZnO/mullite 710 617 5.33 17.73

30-ZnO/mullite 690 600 8.00 20.00

40-ZnO/mullite 670 350 10.67 53.33

50-ZnO/mullite 640 270 14.67 64.00

Mullite 745 739 0.67 1.47
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