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Abstract

Water is the main sources for all living beings. However, with the vast
development and advancement of technology, water resources have been
seriously contaminated by industries effluent, especially organic dyes.
Various methods have been implemented to achieve certain level of
acceptable cleanliness. Current most efficient and cost effective process is
the photocatalytic process using highly photoreactive ZnO and TiO;
semiconductors. However, separation of the semiconductor powder arises at
the end of the decomposition process. Therefore, there have been many
researches trying to dope magnetic material into the semiconductor to make
it easily separable and cost effective by just applying a magnetic field.
However, most of the preparations require various recalcitrant and toxicant
precursor chemicals as well as high sintering temperature. In light of these,
this study has tried to use simple method of preparation and followed by a
significantly moderate sintering temperature. The ZnO/Fe304 and TiOz/Fe304
nanocomposite materials have been successfully prepared by simple
mechanical mixing and sintered at significantly moderate temperature of 300
and 350 °C, respectively. Besides, the prepared nanocomposite exhibit

remarkable photocatalytic decomposition on few chosen dyes.

The XRD results indicated a good crystallinity with the standard for
both nanocomposites. The SEM and TEM results showed ZnO/Fe304

nanocomposite was square-like and elongated in shape, whiles it was mostly
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spherical for TiO2/Fes0s4 nanocomposite. VSM measurements showed that
both nanocomposites exhibit ferromagnetism, while ZnO and TiO. are
diamagnetism in nature. Both nanocomposites able to completely
decomposed the MB dye. All the photocatalytic measurements show that the
photodegradation processes are following the pseudo-first-order kinetics.
Both nanocomposites were successfully magnetically separated from the
decomposed solution by using a 0.60 T permanent magnet. A 9.0wt%
loading of ZnO/Fes304 nanocomposite with 10wt% doped Fes04 and sintered
at 300 °C was able to completely decomposed MB in 30 minutes (99.9%)
with kinetic constant of 0.242 min!. On the other hand, TiOy/Fes04
nanocomposite with 1wt% doped Fes04 sintered at 350 °C and at optimum
loading of 3wt% was able to decompose 98.7% of MB in 60 minutes with

kinetic constant of 0.0729 min.

The repeatability experiments were conducted and the results
indicated that there was a minor deactivation (~1.08%) after the second and
third run. This shows that both nanocomposites were photocatalytically
stable and reusable for wider application on organic dyes decomposition. The
effect of the intrinsic properties for the chosen organic dyes, such as their
azo groups, benzene groups, molecular weight and absorbance, in relation to
their rate of decomposition were evaluated in the last part of this study. The
results show that the degradation rate is linearly proportional to the number
of azo groups, the number of benzene groups, the molecular weight and

inversely proportional to the absorbance of the dye’s solution.
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CHAPTER 1

Introduction

1.1 Introduction

Organic compounds such as dyes from textiles, paper, printing,
cosmetics and other industries are the main source of environmental
contamination. Contaminations by these non-biodegradable effluents such
as organic dyes and heavy metal ions into ground water system face a
serious environmental threat to the environment and human health, due to
the released of toxic and carcinogenic substances they possess (Kansal,
Singh, & Sud, 2007; T. F. Shen et al., 2009). For example, the widely used
methyl orange in printing, paper, textiles, pharmaceutical and food industries
has been proved fatal and could induce cancers in human (Chung, Stevens, &

Cerniglia, 1992).

There are many potential conventional treatment methods being
implemented to remove such contaminated wastewater like adsorption,
coagulation and flocculation, however each having limitations and are non-
destructive (Maliyekkal, Lisha, & Pradeep, 2010). These, however, are not
the most effective and best ways to process them, which include poor
removal of color and trace organic compounds, since they are just merely

converted the dyes from liquidize phase into the solid phase, which require



additional treatment and may add into different kinds of pollution and toxic

by-products (Padmanabhan et al., 2006).

Another conventional methods used in water purification are
sedimentation, filtration and chemical & membrane technologies. However,
these methods involve high operating costs and could also generate
secondary pollutants into the water system (Gaya & Abdullah, 2008).
Nonetheless, most common and widely used disinfection process is
chlorination. Similarly, disinfection by-products generated from chlorination
are mutagenic and carcinogenic to human health (Matilainen & Sillanpaa,

2010).

There is a report on conventional wastewater treatment which proved
to be mostly unsuccessful for removing textile dyes from wastewater stream
due to the resilient and stability of these pollutants (Forgacs, Cserhati, &
Oros, 2004). Huge amount of textile dyes are resistant to chemical and
biological degradation. Therefore, the aforementioned processes have various
limitations in efficacy to totally decompose dyes contaminated effluents
discharge from industries sewage system (Schwarzenbach, Egli, Hofstetter,

von Gunten, & Wehrli, 2010).

In light of these, advanced oxidation processes (AOPs) have seen as
an alternative and potential method that may improve the overall removal of

the toxicity of various types of recalcitrant water pollutants. Among the



highly utilized in AOPs is the ultraviolet (UV)-assisted processes by
employing hydroxyl radicals (*OH) which have been shown to be very
effective in decolorization of textile dye effluents (Bansal & Sud, 2011).
There are several methods for generating *OH radicals, e.g. Fenton-based
processes (Babuponnusami & Muthukumar, 2014), UV-based processes
(Baffoun, El Ghali, & Hachani, 2017), ozone based processes (Saileshkumar
Singh, Seth, Tabe, & Yang, 2015) and photocatalytic processes (Ahmad et

al., 2013).

Therefore, highly effective and promising tool among the AOPs in the
light of substituting the traditional wastewater treatment system is the
photocatalysis by semiconductor materials such as TiO; SiO,, ZnO, FeyOs3,
CdS, ZnS, etc. AOPs are based on the utilization of the highly powerful and
non-selective oxidant *OH radicals for oxidation/degradation processes. In
addition, under natural water conditions, *OH radical is very easy to produce
as well as ubiquitous in nature. Oxidation can be understood as, for
inorganic compounds, to the removal of electrons to produce higher oxidation
state, e.g. Fe?* to Fe3*, and for organic compounds, to the production of

oxygenated compounds (Rizzo, Meric, Guida, Kassinos, & Belgiorno, 2009).

Currently, these semiconductor oxides are the most favourable
photocatalyst in air and water purification system because of their nano-scale
sizes and high photocatalytic efficiency, such as TiO, and ZnO nanoparticles

(Fujishima, Rao, & Tryk, 2000; J. Kaur & Singhal, 2014). For TiO;



photocatalyst, anatase phase is the most preferable material for the
photocatalytic process due to its high photosensitivity, non-toxicity, large
band gap and stability (Dette et al., 2014; Tudose & Suchea, 2016). With the
high band gap (E; ~ 3.2 eV), it is excited only by the UV light (A ~ 388 nm)
irradiation and limits the use of sunlight or visible light (Grabowska, 2016;
Seriani, Pinilla, & Crespo, 2015). Despite those positive attributes, there are
few drawbacks with TiO, photocatalyst. The first one is the instant
recombination between the charge carrier which occurs within nanoseconds
(Linsebigler, Lu, & Yates, 1995), and the second drawback is the band edge
absorption threshold does not allow the utilization across the visible light

irradiation (Seriani et al., 2015).

On the other hand, the use of ZnO as a photocatalyst as compared to
TiO2, has grown quite substantially, to be an alternative photocatalyst due to
its low cost, high stability and possesses almost similar band gap energy
compared to TiO,. Thus, it can absorb over a larger fraction of UV spectrum.
ZnO photocatalyst has wide band gap energy (3.37 eV) and a large exciton
binding energy (60 meV) at room temperature (Han et al., 2012). ZnO is
also biocompatible, biodegradable and biosafe for medical and environmental

applications (Zhang et al., 2014).

Although traditional process has been a very effective and
environmentally safe method in separating the organic substances from the

contaminated wastewater effluent, however additional step is required to



separate the photocatalytic substance from the treated wastewater. This has
brought in an additional cost in the treatment of the wastewater which
causes many industries feel reluctant to apply this method in their treatment

plant.

Most of the photocatalytic processes are in the slurry-type systems.
However, the challenge is to create an economically reliable technology to
separate the solid-liquid photocatalytic system after treatment since the
photocatalytic particles tend to be fine powders. Expensive post-treatment
separation methods are often needed to recover the catalyst. As a result,
researchers have studied ways to increase the size of the catalyst particle so
that they are easier to filter or better to pack into a fixed column, and have
investigated methods to incorporate the magnetic properties of the catalyst
particle so that they can easily be recovered (Beydoun, Amal, Low, &
McEvoy, 2000; F. Chen, Xie, Zhao, & Lu, 2001). Many researchers have
attempted to immobilize TiO, on solid surfaces such as silica, glass and
carbon fibers, woven fiber cloth, and ceramic materials (Pirkanniemi &
Sillanpaa, 2002). Various preparation methods have been used to combine
the catalyst with mesoporous silica to develop new catalytic functions for the
materials (Mohseni, 2005; Reddy, Davydov, & Smirniotis, 2003).
Nevertheless, it does not seem to be easy to replicate and exceed the
photocatalytic performance of slurry-type systems which use pure and well-
crystallized high-surface TiO, particles such as the commercially available

P25 (Dalrymple, Yeh, & Trotz, 2007).



Therefore, in view of the obstacles discussed previously, this study has
been carried out to apply an effective and novel approach, as well as cost
minimization, in solving this processing stage, that is by adding a magnetic
property to the photocatalyst. This will allow the photocatalyst to be
separated and collected easily and directly by just applying a magnetic field
to the system. Besides, the collected materials could be reused for
subsequent cycle and still achieve almost the same efficiency. In this
context, incorporation of iron oxide nanoparticle to the photocatalyst material
seems a promising approach. The superparamagnetic FesO4 nanoparticles
exhibit optimal magnetic properties and with essential functionality, may
contribute to higher adsorption efficiency, and easy and rapid separation of
the adsorbent from solution could be achieved by just applying a magnetic
field (Sarika Singh, Barick, & Bahadur, 2013). Table 1.1 illustrates the
advantages the disadvantages of the most common advanced photocatalytic

processes.



Table 1.1

Summary of advantages and disadvantages of common AOP

technologies (Cesaro, Naddeo, & Belgiorno, 2013).

AOP ADVANTAGES DISADVANTAGES
- Strong oxidizing power with | — There is a higher equipment
Os a short reaction time. and operational cost.
- No chemicals added to the | - System may require
water. pretreatment.
- Can eliminate a wide - Energy and cost intensive.
spectrum of contaminants. - Potential fire hazards and
toxicity issues associated
with ozone generation.
- High efficiency in water - More energy intensive than
0z - UV treatment. single processes.

- More effective than Oz or
uv.

- More efficient at generating
*OH radicals than H,0./UV
process for equal oxidant
concentrations.

- Disinfection supplementary.

- Potential bromate formation.

- Turbidity can interfere with
UV light penetration.

- Ozone diffusion can result in
mass transfer limitations.

- Potential increase in
trihalomethane (THM) and
nine haloacetic acid (HAAo)
formation when combined
with pre and/or post-

chlorination.




— UV irradiation can serve as

- Turbidity can interfere with

H:0: - UV disinfectant. UV light penetration.
- Existing of full-scale - Less stoichiometry efficient
drinking water treatment. at generating ¢OH radicals
than Os/UV process.
- High efficiency in water - Potential for bromate
O3 — H20: treatment. formation.
- More effective than Os or - May require treatment of
uVv. excess H;0; due to potential
- Established technology for for microbial growth.
remediation applications. - Energy and cost intensive
- Disinfection supplementary. process.
- Can be performed at higher | - Pre-treatment necessary to
TiOz - UV (300 - 380 nm) avoid fouling of the TiO;

wavelengths than other UV

oxidation processes.

catalyst.

- If TiOz is added as a slurry,
then a separation step is
required.

- Potential for rapid loss of
TiOz activity, requiring
catalyst on-site storage or

regeneration method.




- Versatile design with low

- Design criteria still

Ultrasound maintenance. developing.
(US) - Interesting upgrade - Increase of the water
applications. turbidity.
- Degradation of chemicals - Energy consuming
pollutants. technology.
- Economical treatment of - Ultrasound probe erosion
small volumes. issues; increase
consumption.
- Long sonication time.
- Not as energy intensive as | — No-full scale applications
Fe2* - H,0: compared to AOPs that exist.

utilize Os or UV.

- Requires iron extraction
system; higher cost.

- Very low pH (<2.5) is
required to keep the iron in
solution.

- pH adjustment will increase
operation and maintenance

costs.




1.2 Rationale and Novelty of the Study

From the above discussion thus arise the rational of the current study.
One of the most effective tools among the advanced oxidation water
treatment processes is the in situ photodegradation of water pollutants using
photocatalyst nanomaterial, which are ZnO and TiO, semiconductors. The
photocatalytic process is attributed to its stability, non-toxic, low cost and
suitability towards solar spectrum. Although the details mechanism in the
photocatalytic process is very complex and the pathway is not yet very clear,
very extensive study is going on in this field. Besides, the ability of these
photocatalysts to carry the magnetic properties without compromising their
photocatalytic properties is the main rationale of producing a magnetic
photocatalyst which can be easily magnetically separated from the solutions
after the degradation process has been taken place. This again brought
another advantage as no additional waste will be produced or generated
during purification processes. This is because the magnetic photocatalyst
can be easily separated by applying magnetic field after the treatment
process. The regenerated photocatalyst material can then be subjected for
subsequent batch of photodegradation process. The recyclability of the
photocatalyst material from an aqueous system is particularly promising for

large scale commercial application.

Albeit there have been many studies on the magnetic photocatalysts

(Chiu et al., 2010; J. Wang et al., 2016), most of the methods used are
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adopting various incalcitrant chemicals and sintered at highly pronounced
temperature (S.-E. Kim et al., 2016). The chemical agents like n-hexane,
APTMS and glycerol are unfriendly organic materials to the environment (Hou
et al., 2015). In addition, few of the preparation temperature was as high as
700 °C (Deraz & Alarifi, 2012). Therefore, the novelty of this study is twofold,
that is to prepare the sample in a mechanically simple method and sinter at a
moderate temperature. These novelties would tremendously contribute to
broader applications and it may also be further refined to their need and

requirement.

1.3 Objectives of the Study

The objectives of current study are to:

i) prepare and characterize magnetic photocatalysts of ZnO/Fes04

and TiOz/Fe30..

i) characterize and evaluate the ZnO/Fes0s4 and TiO2/Fes30a4

magnetic photocatalysts by FESEM, TEM, XRD, and BET.

iii) investigate the photodecomposition efficiency of ZnO/Fes04 and

TiO2/Fe304 on organic dyes under various experimental condition
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such as catalyst loading, Fes3O4 substitution and sintering

temperature.

iv) study the photodegradation effect and kinetic study of these
photocatalysts on the wider range of organic dyes
characteristics, such as their azo groups, benzene groups,

molecular weight and absorbance.

1.4 Thesis Framework

This thesis has been organized into eight chapters.

Chapter 1 is a brief introduction on the general problems faced by few
implementations on water purification. In addition, all processes
related to AOPs were tabled with their advantages and disadvantages.

The rational and objectives of this study were also mentioned.

Chapter 2 provides a comprehensive review of background studies on the
principle of photocatalyst, types of photocatalyst, photocatalytic
optimization and effect of different parameters on the photocatalytic

efficiency.
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Chapter 3 describes the experimental procedures in detailed for the entire
study. First part provides the material used whiles the second part
indicates the preparation of the magnetic nanocomposites. The third

part explains in detail characterization used in the experiments.

Chapter 4 serves the characterization results for all the three purchased
powder, ZnO, TiO2 and Fesz0s4. In addition, it also provides detailed
photocatalytic experimental results on the photodecomposition of MB

dye, followed by few results on MO and PR dyes.

Chapter 5 presents the characterization for the ZnO/Fes04 nanocomposite.
Moreover, it also includes the optimization properties, such as
photocatalyst loading, sintering temperature and different weight

percent of doped Fes04, in the photodecomposition of MB dye.

Chapter 6 provides the characterization for the TiO,/FesO4s nanocomposite.
On the other hand, it also describes the photodecomposition of MB dye
under the optimization properties of the nanocomposite, such as
photocatalyst loading, sintering temperature and different weight

percent of doped Fez0a.

Chapter 7 highlights the photodecomposition of the ZnO/Fes04

nanocomposite with reference to properties of few chosen dyes, such
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as their azo groups, benzene groups, molecular weight and

absorbance, in relation to their rate of decomposition.

Chapter 8 concludes the work done in the study and provides propositions for

further studies and improvement.
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CHAPTER 2

Background Studies

2.1 Introduction

Water is one of the most essential resources on Earth that helps in
various daily activities. These activities can be as simple as household
chores, and others are like commercial, institution, agricultural and the most
severe are industries, which consumed more than one-third of Earth's
accessible renewable freshwater (Schwarzenbach et al., 2010). As a result
from these daily activities, all sorts of wastes are produced and being
released into the stream, as well as into the air. Those liquid waste, called
wastewater, will assimilate with surface water and/or stormwater, and finally
with groundwater. It was estimated about 300 million tons of synthetic
compounds being used by industries and 140 million tons of fertilizers and
several million tons of pesticides being applied by agriculture, annually
(Schwarzenbach et al., 2010). Besides, naturally occurred geological
elements, such as arsenic-enriched geothermal waters, has also contributed
to the amount of arsenic in surface water. Untreated wastewater, or even
surface water, may contain various pathogenic microorganisms, nutrients, as
well as toxic compounds that may potentially be harmful, mutagenic or
carcinogenic. Therefore, immediate or subsequent handling of these

wastewater through proper treatment, high efficiency treatment technology,
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is necessary before disposal into the stream to secure a healthy and safety

freshwater system.

With the rapid growth of various industries and population, the
requirement for clean water demand has inadvertently surfaced. About 15%
of the world's population lives in areas under water intensification. It is due
to intense development that changed the face of the land, especially for
agriculture, electric power source and settlements adjacent to the water
bodies (Palmer, 2010). In addition, volume of clean water being
contaminated keep on increasing due to the continuous discharge of
micropollutants and contaminants into the stream (Schwarzenbach et al.,

2010).

One alternative option to offset more clean water resources is the
possible reuse of treated municipal wastewater from treatment plants for
agricultural and industrial activity. However for commercial usage, associated
handling processes, like suspended solid, health-treat coliform, and soluble
refractory organic compounds, are very tedious and very expensive to treat
(Schwarzenbach et al., 2010). Another option currently available, like
adsorption and coagulation, are just transferring the pollutants into another
phases of constituents, without completely destroy them, or transform them
into safer elements (Padmanabhan et al., 2006). One commonly used
conventional methods are sedimentation, filtration, and chemical and

membrane technologies. However, this methods could easily escalate the
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operating cost and generate secondary pollutants that are highly toxic to the
environment (Gaya & Abdullah, 2008). In addition, another widely used
disinfection process is the chlorination. However, similar problem arises, that
is disinfection by-products generated from chlorination are mutagenic and

carcinogenic to human health (Schwarzenbach et al., 2010).

Another commonly used method for wastewater treatment is the
oxidation processes. One of the available and feasible choices is biological
oxidation. However, biodegradation is uneconomical as it is very slow and
produces unpredictable results due to high concentrated waste and toxic
pollutants. On the other hand, physical techniques such as adsorption on
activated carbon, reverse osmosis and incineration can be used for water
treatment. These, however, also not as good since they are nondestructive
and even produce dangerous and toxic secondary. This requires additional
treatment which are expensive to operate (Zangeneh, Zinatizadeh, Habibi,
Akia, & Isa, 2015). On top of that, chemical methods, too have been very
expensive due to requirement of high dosage chemicals and production of
large quantity of sludge (Schwarzenbach et al., 2010). Therefore,
wastewater treatment using conventional methods are facing various
obstacles and difficulties. In view of these, better and more efficient
treatments in reducing and completely terminate such contaminants should
be developed. One of the increasing interests is based on the generation of
very reactive and oxidizing capability free radicals due to their high oxidant

power (Zangeneh et al., 2015). This is the innovative water treatment
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technologies due to the rapid development in research and development in
the field of "Advanced Oxidation Processes (AOPs)". AOPs has been a
promising and emerging alternative technology due to its novel and
economical feature, as it is based on the in-situ generation of highly reactive
transitory species (i.e. H.O,, OHe, 0:*7) for mineralization of organic
compounds, water pathogens and disinfection by-products (Schwarzenbach
et al., 2010). As mentioned earlier, there are many ways in producing these
free radicals, especially *OH radicals, such as Fenton-based processes, UV-
based processes, ozone-based processes and photocatalytic processes.
Among these AOPs, an escalating alternative in treating wastewater effluents
is heterogeneous photocatalysis employing semiconductor catalysts such as
TiOz, ZnO, Fe,03, CdS, GaP and ZnS. This is because it demonstrates strong
degradation efficiency on various organic pollutants by transforming them
into intermediate compounds and finally mineralized them into innocuous
carbon dioxide and water (Robinson, McMullan, Marchant, & Nigam, 2001;

Venkatachalam, Palanichamy, & Murugesan, 2007).

2.2 The Influence of Nanostructured Materials

The term nanotechnology has been extensively used and applied to
various materials and systems that show significant improvement in the
physical, chemical properties and processes as a result of the limited

dimension of each constituent particles or molecules. It is the science of the
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fabrication of novel materials, devices and systems through manipulation of
the molecular and atomic dimensions at the nanoscale level. The significant
behavior is due to the structural features linkage between the single atom
and bulk materials, in the size of 1 to 100 nm (Zhu et al., 2011), displaying
physical attributes substantially different from those atoms or bulks
materials. Therefore, with reduction in the spatial dimension or the
confinement of particles in their crystal structure, has significantly changes
the physicochemical properties of the nanostructured materials and its
systems (X. Shen, Liang, Zhai, & Ning, 2013). Therefore, nanomaterials
advancement has been widely applied into commercial usage such as
catalyst, semiconductors, microelectronics, cosmetics, pharmaceuticals,
energy storage and corrosion resistant coatings (Farre, Gajda-Schrantz,

Kantiani, & Barcelo, 2009).

Current development in the research of nanostructured materials is
reviewed as one of the most advanced and interdisciplinary field of research
in physics, chemistry, engineering and bioscience (Porter & Youtie, 2009).
The microstructure and properties of nanostructured materials and systems
are designed and fabricated through mechanical, chemical or biological
growth, shaping or assembling, as well as on the processing route. With this
flexible approaches and assembling ideas, it is of utmost importance to select
the most suitable technique for preparation of nanomaterials with desired
properties and property combinations. There are two famous approaches in

achieving this, as shown in Figure 2.1. The first is the bottom-up approach

19



that fabricates the substances or devices at the atomic or molecular level.
Bottom-up processes includes many different techniques which are based on
liquid or gas phase processes, and effectively encompass chemical synthesis
and/or the highly controlled deposition and growth of materials. The
processes are such as vapour phase deposition method, plasma-assisted
deposition processes, molecular beam epitaxy (MBE) and metallorganic
vapour phase epitaxy (MOVPE), liquid phase methods, colloidal methods, sol-
gel methods and electrodeposition. Classically, wet chemical processes such
as precipitation and sol-gel have been employed to obtain nanoparticles,
however, with the disadvantage of severe agglomeration. The
electrodeposition under oxidizing conditions (EDOC) process was developed
to synthesize nanocrystalline oxides with improved properties as compared to
oxides obtained by precipitation and sol-gel routes (Kelsall, Hamley, &
Geoghegan, 2006). In this process, as well as other related processes, it
showed that the microstructure, the morphology, the size and size
distribution, the agglomeration, the elemental distribution and surfaces
modification can be controlled (Kelsall et al., 2006). The next method is the
top-down approach which is etching or milling of smaller structures from
larger ones. The initiation of this approach is by using materials with
conventional crystalline microstructures, typically metals and alloys, and
involves the removal or reformation of atoms to create the desired structure,
such as milling, lithographic processes and machining (Kelsall et al., 2006).
This recrystallization of the material leads to finer and finer grain sizes and

under certain processing condition to nanostructured materials. The
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advantage of these approaches is the fact that bulk nanostructured materials
with theoretical density can be prepared. An alternative to obtain theoretical
dense materials is the pulsed electrodeposition method developed by El-
Sherik and Erb (1995) which yields nanocrystalline strips, however, only with
thicknesses of several hundred microns (El-Sherik & Erb, 1995; K. S. Kumar,

Van Swygenhoven, & Suresh, 2003).

Scale

h

i Physical Methods -
arﬁ:"ﬁ i Solid state technology,
H % Miniaturization,

Individual simpler

Bulk
_ Natural @ 6%7
Micro | piological
L structures _
Precursor

molecule @ @
OO 4 Chemical Methods -

ﬁ Assembly, Ensemble,

Nanﬂrﬁ = %& o Aggregation ~ Complexity

Figure 2.1 Schematic representation of the top-down and bottom-up
processes and their relationship to biological processes and structures

(Kelsall et al., 2006).

The influence of the nanoscale systems will be directly related to the
energy band structure which can indirectly lead to changes in the associated

atomic structure of the systems. Besides, many properties are continuously
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modified as a function of system size. Often these are appealing extrinsic
properties which depend on the exact size and shape of the specimens, such
as ultra-high vyield and fracture strengths, changes in elongation and
toughness, superior wear resistance, and the promise of enhanced
superplastic formability at lower temperatures and faster strain rates (K. S.
Kumar et al., 2003). Other properties depend critically on the microstructure
of the materials, for example the strengthening with grain refinement has
been closely rationalized to Hall-Petch mechanism for yield strength, as can

be seen in Figure 2.2 (Kelsall et al., 2006; K. S. Kumar et al., 2003).

As the microstructure is refined from micron to nanometer size, it is
clearly seen that the microstructure gained more pronounced yield strength.
Further refinement of the grain seems, in many cases, the yield strength
peaks at the average grain size on the order of 10 nm. By going over this
grain size can cause weakening of the metal. However, the causes of the
underlying mechanisms are not well understood even though many
experimental evidences resulted in similar unusual deformation (K. S. Kumar

et al., 2003).
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Figure 2.2 Schematic representation of the variation of yield stress as a
function of grain size in microcrystalline, ultrafine crystalline and
nanocrystalline metals and alloys. <d> is average grain size and k, o, are

constants (K. S. Kumar et al., 2003).

Intrinsic materials properties, such as resistivity, should be
independent of specimen size, however, even many of the intrinsic properties
of matter at the nanoscale are not necessarily predictable from those
observed at the larger scales. This is because totally new phenomena can
emerge, such as quantum size confinement leading to changes in electronic
structure; the presence of wave-like transport processes, and the
predominance of interfacial effects. This effect is generally termed as
quantum confinement, results in variation in the system total energy, the
system structure, structural properties, thermal properties, chemical

properties, mechanical properties, magnetic properties, optical properties,
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electronic properties and finally the behavior of whole biological systems

(Kelsall et al., 2006).

2.3 Principles of Photocatalysis

Photocatalysis is a photochemical reaction using a catalyst under light
(UV/Sunlight) irradiation. By principle, the catalyst participates and
accelerates in the chemical reaction but itself remain unaltered at the end of
the reaction which reacts according to the characteristics of semiconductors
to decompose organic pollutants (Dalrymple et al., 2007). Photocatalytic
process is an advantages technology over others due to its efficiency,
environmentally friendly and cost effective AOPs. It leaves neither residual
waste nor transferring them into other phase. This process runs under
ambient conditions with atmospheric oxygen and solar light as its oxidant
and light source, respectively, and generally leads to complete mineralization

of organic pollutants into CO, and H20O (Zhan, Zhou, Fu, & Zhen, 2011).

Basically, AOPs are based on the generation of a very reactive
oxidizing agent such as hydroxyl radicals (OHe). Table 2.1 lists various
oxidants with their redox potential, with reference to the normal hydrogen
electrode (NHE). This OHe radicals able to oxidize a wide varieties of organic
matters in water very quickly due to its non-selectivity characteristic

(Ibhadon & Fitzpatrick, 2013). Current photocatalytic processes applied in
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the wastewater treatment are heterogeneous photocatalysts. They are called
as such because they present in two different phases, liquid and solid
phases. Heteronegeous photocatalysts are using varous oxides (TiO2, ZnO,
CeO,, ZrO;, W03, Fe;03, etc.) and sulfides (CdS, ZnS, etc.) semiconductors

(Lee, Nam, Kim, & Boo, 2012).

Table 2.1 The Redox potential of a number of oxidants (Grote, 2012).

Oxidant Redox potential,
V vs NHE

Fluorine, F» 3.06
Hydroxide radical, HOe 2.80
Oxygen radical, Oe 2.42
Ozone, O3 2.08
Hydroperoxyl radical, HOze 1.70
Hydrogen peroxide, H;0:> 1.78
Potassium permanganate, KMn4 1.67
Hypochlorous, HOCI 1.49
Chlorine, Cl; 1.36
Chlorine dioxide, ClO; 1.27
Oxygen, O; 1.23

Among the most extensively studied photocatalysts is titanium dioxide
(TiO2). This is due to its multiple and strong characteristics such as high

photocatalytic activity, photostability, biologically and chemically stable, low
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energy consumption, low operation temperature, suitable flat band potential,
insoluble in water and exhibiting undesirable by-products formation. On the
other hand, zinc oxide (ZnO) has also been found to be a suitabe
photocatalyst in many applications as it also exhibits the above
characteristics as TiO, does, if not all. Besides having similar band gap
energy with TiO;, the biggest advantage of manipulating ZnO photocatalyst
instead of TiO; is its ability to adsorb over a larger fraction of UV spectrum
with the corresponding threshold of 425 nm (Hunge, 2017). The
photocatalytic activity of a semiconductor depends greatly on its surfaces and
structural properties, such as surface area, porosity, band gap energy,
particle size distribution and crystal composition. Particle size of a
semiconductor photocatalyst is important as it determines the photocatalyst
surface area because most interactions in heterogeneous photocatalyst takes
place on the surface. The specific surface area will increase as the particle
size decreases thus increase the active sites for the photochemical activity to

take place.

2.3.1 Photocatalyst Reaction

Briefly, photocatalytic process by metal oxide semiconductor (MOS),
e.g. wide band gap energy like ZnO and TiO;, takes place upon the UV
irradiation with energy equal or higher than the band gap energy, Eg. An

electron (e”) and hole (h*) pair is generated upon irradiation where valence
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band (VB) electrons are promoted to the conduction band (CB) leaving a hole
behind (1). These electron-hole pairs (EHPs) can either recombine (2) or
interact separately with other molecules. The holes at the oxide
semiconductor valence band can oxidize adsorbed water or hydroxide ions to

produce *OH radicals (3) & (4).

On the other hand, electron in the conduction band on the catalyst
surface can reduce molecular oxygen to superoxide anion (5). This radical
may be protonated to form the hydroperoxyl radical (HO.*) and subsequently
form hydrogen peroxide (6) or organic peroxides (Rorg—OO0*) in the presence
of organic scavengers (7). The *OH radical is a powerful oxidizing agent that
attaches to organic compounds (Rorg) and consequently intermediates are
formed (8). These intermediates react with *OH radicals to produce final
products (FP), such as CO;, H,O and weak acid (9) (Shinde, Shinde, Bhosale,
& Rajpure, 2011). A brief mechanism of the photocatalysis process is

depicted in Figure 2.3.

MOS + v — e + h* (1)
e + ht — heat (2)
h* + H.O — °*OH + H* (3)
h* + OH- — °OH (4)
e +0; —» 0 (5)
02*" + HOy" + H* — H,0; + 02 (6)
02'" + Rorg — Rorg—00° (7)
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‘OH + Rorg — Intermediate (8)

*‘OH + Intermediate — FP (9)
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Figure 2.3: The photocatalytic process of oxide semiconductor
(Dalrymple et al., 2007).

2.3.2 Understanding on Solid Band

Single and isolated atom has discrete energy levels with a single
degeneracy (atomic orbital). Excitingly, when two atoms placed close to
each other, the molecule formed has two molecular energy levels.

Consequently, the resultant energy level of the molecule has a double
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degeneracy (molecular orbitals). These molecular energy levels are formed
by the wavefunctions of the electrons in the outermost shells, the valence
electrons; which eventually overlap in space as atoms become progressively
closer together. Although most of the electrons remain localized in
association to a particular atom, nevertheless, those outer electrons will
naturally involve in bonding with neighboring atoms. Upon bonding, the
well-defined outer electron states of individual atom will overlap with those of
neighboring atoms and become broadened into energy bands. Therefore,
when a cluster of N atoms is produced, the outermost unfilled as well as core
electronic energy levels get perturbed and broadened in the form of bands

with degeneracy N (S. C. Singh, Zeng, Guo, Gopal, & Cai, 2012).

Naturally, with significantly large values of N, these N degenerate
subenergy levels (sub-bands) inside the bands are so close to each other
that electrons can easily transit between them even below room
temperature, and therefore can be considered as single band. If there is n
electronic energy levels in each atomic entity, and N such atoms make a
single nanoparticle, the resultant particle has n energy bands and each band
consists of N sub-bands. The highest occupied energy band is called the
valence band (VB), while the lowest unoccupied band is termed as the
conduction band (CB). The difference in energy between the top of a valence
band and the bottom of the conduction band is termed as band gap (Ey)

energy (S. C. Singh et al., 2012), as shown in Figure 2.4.
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In monoatomic systems such as particles of Si, Ag, Au, and so on, the
outermost filled/partially filled (3p orbital in Si) atomic orbitals of N atoms
get linearly combined to produce valence bands with N sublevels. Similarly,
a conduction band with N sublevels is made by a linear combination of the
first vacant atomic orbital (4s orbital for Si) of N constructing atoms. In
diatomic semiconductor nanomaterials such as CdSe or HgS, the occupied
molecular orbitals are made of a linear combination of atomic orbitals of the
negatively charged anions (e.g., Se”, S7), while the unoccupied molecular
orbitals are made of atomic orbitals of the metallic cations (Cd**, Hg**, etc.).
There are a number of occupied and unoccupied molecular orbitals. The
highest occupied molecular orbital (HOMO) serves as the valence band, while
the lowest unoccupied molecular orbital (LUMO) is the conduction band (S. C.

Singh et al., 2012).
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Figure 2.4 Electron energy level diagram for a progressively larger linear
chain of atoms showing the broadening of molecular orbitals into energy

bands for a one-dimensional solid (Kelsall et al., 2006).
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The bands are not flat, but have several hills and valleys on their
surfaces. If one or more of the hills of the valence band lie below the valleys
of the conduction band, the materials are called direct band gap
semiconductors; otherwise, they are indirect band gap semiconductors, as
shown in Figure 2.5. Oxides of zinc, titanium, copper, and so on, are direct
band gap semiconductors, while Si nanoparticles, GaP, and so on, are

indirect (S. C. Singh et al., 2012).

Semiconductors have band gap energies in between metals (E; = 0)
and insulators (Eq = 5.0 eV). Semiconductors with band gap energies
between 0.1 and = 2.5 eV (such as InAs, GaAs, GaP, etc.) are assigned as
narrow band gap semiconductors, while those with higher ranges than this

are wide band semiconductors (ZnO, TiO;, and CuO) (S. C. Singh et al.,

2012).
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Figure 2.5 Band gap energy diagram (S. C. Singh et al., 2012).
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Nanomaterials made of single element are known as monoatomic (Ag,
Au, Pt, Si, Ge, etc.), those with two elements are termed diatomic (metal-
oxide, metal-carbide, metal-nitride, metal-sulfide, metal-selenide, etc.),
those made of three elements are triatomic (InGaAs, InGaP, ZnCdS, etc.),
and those having more than three are called polyatomic (biological materials,

organic nanoparticles, perovskite, etc.) (Grabowska, 2016) nanoparticles.

2.3.3 Band Gap Excitation

Photocatalytic process operates quite simple and easy to understand.
Just as a well-known photosynthesis by plants, it is an example of
photocatalysis in nature where chlorophyll serves as the photocatalyst,
whiles photocatalysis is a chemical reaction induced by photoirradiation in
the presence of a catalyst. This catalyst assists the chemical reactions

without itself being consumed or transformed.

The catalytic mechanism follows the fundamental principle that the
electrons at the valence band transit to the conduction band by absorbing
photons when the incident light energy is equal or greater than the band gap
of the semiconductor and hence leave holes at the valence band (J. Chen,
Cen, Xu, & Li, 2015). Visible light has longer wavelength as compared to UV
light. Longer wavelength light source able to photo-excite smaller band gap

semiconductor material.
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Different semiconductors exhibit different band gap widths and band

positions, as shown in Figure 2.6, so the hole and electron pairs generated in

situ have different oxidation and reduction potentials (J. Chen et al., 2015).
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Figure 2.6 The conduction and valence band positions of selected metal

oxide semiconductors (Gaya & Abdullah, 2008).
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2.3.4 Electron Hole Recombination

Initially when the photocatalytic material is irradiated by appropriate
light spectrum with energy greater than the bandgap of photocatalyst,
electron-hole pairs (EHPs) will be created, as electron in valence band (VB)
excites into conduction band (CB). These EHPs will diffuse to the surface of
the semiconductor to allow for reaction to take place, that is the electron (e7)
and hole (h*) reduce and oxidise chemical species, respectively. However,
there will be some short lived pairs that will recombine during the diffusion
period, such as recombination in the bulk (B), as shown in Figure 2.7. On
the other hand, while EHPs diffuses to the surface, they may recombine with
each other, recombination near the surface (S), or being caught in pores,
such as vacancies or defects. When the EHPs reach the surface, they then
can carry out the reduction or oxidation processes instantaneously with the

organic contaminants which are in contact with the photocatalyst surface.

The recombination of hole and electron pairs often occurs during the
migration of the carrier (e~ & h*™) migrate to the surface of the catalyst, which
lowers the photocatalytic efficiency (J. Chen et al., 2015). Several methods
have been reported to enhance the separation efficiency of EHPs, such as
taking a photocatalyst supported on graphene with a large surface area (Q.
Xiang, Yu, & Jaroniec, 2012; M. Q. Yang, Zhang, Pagliaro, & Xu, 2014), or to

make full use of a precious metal material with strong electron conductivity
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like Pt that could accelerate the photogenerated charge transfer (J. Chen et

al., 2015).
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Figure 2.7 Photoexcitation of semiconductor resulted in charge

separation/oxidation/reduction/recombination  (Malik  Mohibbul = Haque,

Bahnemann, & Muneer, 2012).

2.4 Zinc Oxide Photocatalyst

2.4.1 Introduction

Lately, ZnO photocatalyst has been considered as an efficient and
promising catalyst in the environmentally related wastewater purification
system due to its remarkable characteristics, such as wide band gap, strong
oxidative catalyst, and significantly large binding energy (Janotti & Van de
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Walle, 2009; Kotodziejczak-Radzimska & Jesionowski, 2014). It is
environmentally friendly as it adapts well with a wide range of day to day
applications. Besides, it does not bring any negative impact to human
health, as well as to the environment (Schmidt-Mende & MacManus-Driscoll,
2007). ZnO has a band gap and binding energy of 3.2 eV and 60 meV,
respectively, at room temperature (Janotti & Van de Walle, 2009;

Kotodziejczak-Radzimska & Jesionowski, 2014).

In addition, the advancement of growth technologies in fabrication has
always been possible to scrutinize ZnO to the nanoscale level by modifying
and improving its electrical, optical and magnetic properties toward the
required specification and capacity (Schmidt-Mende & MacManus-Driscoll,
2007; Shrama, Saurakhiya, Barthwal, Kumar, & Sharma, 2014). With such
beneficial and significant characteristics, ZnO has been introduced and used
in varistors, rubber and paint industries, fertilizers, cosmetics and catalytic
processes (Iglesias-Jueza, Kubackaa, Colénb, & Fernandez-Garcia, 2013;

Kotodziejczak-Radzimska & Jesionowski, 2014).

Recently, ZnO has been among the most focused semiconductor
photocatalysts due to its ability to photodegrade and completely mineralize a
broad range of recalcitrant wastewater effluents (Bansal & Sud, 2011;
Navarro, Fenoll, Vela, Ruiz, & Navarro, 2009). On the other hand, ZnO has
shown compatible capabilities as TiO, due to its close proximity band gap

energy with the later. Besides, ZnO material itself is relatively cheaper than
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TiO2 which give the former an advantage in the application of large scale
wastewater treatment system (Y. Xia, Wang, Chen, Zhou, & Xiang, 2016).
Its wide band gap has been the greatest advantage as compared to other
semiconductor metal oxides as it able to absorb larger amount of light
quanta with the wider range of solar spectrum (Behnajady, Modirshahla, &

Hamzavi, 2006).

ZnO is very stable chemically, thermally and also under high energy
radiation. ZnO has good electro-optical properties and high electrochemical
stability (Rajendran et al., 2016). The recombination of generated electron
and hole pairs in ZnO would produce UV/blue light (Lopez et al., 2017).
Thus, ZnO has been used for short wavelength optoelectronics such as

UV/blue light emitter application (J. G. Lu et al., 2006).

2.4.2 Crystal Structures of Zinc Oxide

In fact, ZnO exists as white powder or white hexagonal crystal known
as zinc white. ZnO is mostly available as in bulk single crystals in wurtzite
crystalline structure (Reynolds, Look, Jogai, & Collins, 2001). In addition,

ZnO is odourless and insoluble in water (Jagadish & Pearton, 2006).

ZnO has three different allomorphic crystal structures, namely

wurtzite, rocksalt and zinc blende structures. The wurtzite structure is the
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most common structure due to its thermodynamically stable as compared to
the other two structures. Nonetheless, the rarerest structure among them is
the rocksalt structure as it needs a very high pressure to be produced (Ozgir

et al., 2005; Z. L. Wang, 2004).

At ambient temperature and pressure, ZnO exists as hexagonal
wurtzite crystal structure with the values of its two lattice parameters, a and
c as 0.3296 nm and 0.52065 nm, respectively (Baruah & Dutta, 2009). This
ZnO hexagonal wurtzite space group structure belongs to the P63mc space
group (Jagadish & Pearton, 2006). Figure 2.8 exhibits the wurtzite whereas

Figure 2.9 depicts the rock salt and zinc blende structures of ZnO.
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Figure 2.8 The hexagonal wurtzite structures of ZnO. O atoms are shown as
large white spheres, Zn atoms as smaller black spheres. One unit cell is

outlined for clarity (Jagadish & Pearton, 2006).
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Figure 2.9 The rock salt (left) and zincblende (right) phases of ZnO. O
atoms are shown as large white spheres, Zn atoms as smaller black spheres.

One unit cell is outlined for clarity (Jagadish & Pearton, 2006).
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2.5 Titanium Dioxide Photocatalyst

2.5.1 Introduction

TiO, or titania has appeared to be one of the promising
semiconductors in the application of AOPs photocatalytic system due to its
chemically and biologically inert, photocatalytically stable, and relatively good
in physical, electrical and optical properties (Akpan & Hameed, 2009). TiO
is an efficient, cost effective and eco-friendly that able to completely degrade
organic pollutants (M. Wang, Ioccozia, Sun, Lin, & Lin, 2014). TiO; able to
degrade various azo dyes such as Acid Red 18, Methyl Orange, and Reactive
Red 198 (S. Kaur & Singh, 2007; Y. Wang, 2000). The use of TiO, has also
been shown good results in detoxification of water samples loaded with
molecules like anilines, alcohols, and organochlorides (Chatterjee &

Dasgupta, 2005; X. R. Xu, Li, & Gu, 2006).

In a typical experiment, the powdery photocatalyst is mixed with the
solution and exposed to light, of appropriate wavelength, to cause the
degradation of the contaminants to take place. The solution with the
suspended catalyst is irradiated for certain period of time to allow a complete

degradation (Patchaiyappan, SaranSuja, & Devipriya, 2016).
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2.5.2 Crystal Structures of Titanium Dioxide

TiO2 is an allomorphic material in nature which exists in three forms,
namely rutile, anatase and brookite. The predominant forms are rutile and
anatase. However, rutile is energetically more stable as compared to
anatase due to its symmetrical crystal structure (Akimov, Neukirch, &
Prezhdo, 2013). Anatase and brookite are the two phases that irreversibly
transform into rutile upon heating. Brookite is rarely found in significant
amount; therefore, pure anatase and rutile as well as their transition phases
are usually studied. Besides, brookite is known to be less photoactive than
anatase (Shibata et al., 2004) and least study phase of TiO,. It exhibits
quite similar characteristics as rutile and has a band gap of roughly 3.4 eV

(Koelsch, Cassaignon, Guillemoles, & Jolivetaa, 2002).

In addition, a phase equilibrium does not exist for the rutile-anatase
transformation; therefore, no specific temperature can be assigned to their
phase transition, which depends on parameters such as synthesis method,
reaction atmosphere, impurity content, particle size and oxygen vacancy

concentrations within the TiO: lattice (Gennari & Pasquevich, 1998).

Crystalline phases of both anatase and rutile are characterized by the
tetragonal crystal system with the differences lies in the assembly of their
octahedral chains. In rutile crystal structure, each Ti atom has an octahedral

O coordination, with each O in a triagonal-planar coordination with 3
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neighboring Ti atoms, as shown in Figure 2.10 (Akimov et al., 2013). These
that causes them to differ in their particle morphology and consequently in
chemical and physical properties. The differences are surface charge
separation and recombination, surface area, photoproduced radicals,
formation of intermediates, role of crystal faces, and adsorption of water and

hydroxyl groups (X. Shen et al., 2013).

0
Anatase Rutile Brookite

Figure 2.10 The anatase, rutile and brookite structures of TiO,. O atoms are
shown as large red spheres, Ti atoms as smaller blue spheres (Etacheri, Di

Valentin, Schneider, Bahnemann, & Pillai, 2015).
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It is due to these cumulative differences that favour anatase form of
TiO, towards the application of photocatalytic systems. Besides, there have
been many studies showing anatase advantages over rutile, such as the
larger band gap, longer period for recombination, and larger surface area as

the particle size decreases (Luttrell et al., 2014).

2.6 Iron Oxide Nanoparticle

2.6.1 Introduction

Magnetically related technology provides a convenient approach to
remove and recycle magnetic nanoparticles or nanocomposites by applying
external magnetic field in aqueous system (Dewi, Sutanto, Fisli, & Wardiyati,
2016). Therefore, magnetism is a unique property that could be applied into
water purification system to assist in reducing organic recalcitrant in
contaminated water. Combinations between adsorption and magnetic
separation have been extensively studied in the field of water treatment and
purification (Mahdaviana & Mirrahimi, 2010). The capability of iron oxide in
removing contaminants from polluted water has been demonstrated in the
laboratory as well as at the field tests (Girginova et al., 2010; White,
Stackhouse, & Holcombe, 2009). In addition, iron oxide nanoparticles has
strong adsorption capability, low cost, very stable and easily separated
(Carabante, Grahn, Holmgren, Hedlund, & Kumpiene, 2009; Fan et al., 2012;

Hu, Chen, & Lo, 2005).
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2.6.2 Crystal Structures of Iron Oxide (Fes04)

Iron oxides exist in many forms in nature, few of which includes
hematite (a-Fe.0O3), maghemite (j~Fe;0s3), and magnetite (Fes04). Among
these common forms of Iron oxides, a-Fe;Os has the corundum structure
whereas the other two have the cubic structure (Chan & Ellis, 2004; J. Lu et

al., 2006).

Magnetite has cubic inverse spinel structure with a space group of
Fd3m. The unit cell of Fes04 has 32 O? ions with regular cubic close packed
along the [110] direction with lattice constant a = 0.839. The crystal
structure of Fe30s4 consists of two different iron sites, which include
tetrahedral sites and octahedral sites that are occupied by Fe(IIl) and both
Fe(II) and Fe(III), respectively (C. Yang, Wu, & Hou, 2011). The spinel

crystal structure for FesO4 is shown in Figure 2.11.
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Figure 2.11 Spinel crystal structure of Fes0s. The green atoms are Fe?*,

brown atoms are Fe3* and white atoms are oxygen (C. Yang et al., 2011).

2.7 Influence of Parameters on the Photocatalytic Performance

There are many factors that affect the efficiency and reliability of the
semiconductor photocatalyst during the photocatalytic reaction processes,
such as physical and structural properties of the semiconductor or
experimental aspects. The physical and structural properties can be attribute
to surface area, particle size distribution, porosity, band gap and surface
hydroxyl density (S. Ahmed, Rasul, Martens, Brown, & Hashib, 2010),
whereas experimental aspects generally influenced by the loading of the
photocatalyst, initial concentration of the reactant, light wavelength, light
intensity, irradiation time, pH, and temperature (Zangeneh et al., 2015).
The details elucidation for few of the variables is presented in the following

sections.
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2.7.1 Photocatalyst Loading

It is well understood that the catalyst loading is one of the important
parameters when designing a photoreactor, especially for an aqueous
system. Many studies have shown that regardless of the photoreactor
systems, there is always be an optimum value for the catalyst loading. For
example, as being reported by Chen and Ray on the same catalyst (Degussa
P25), a wide range of optimal catalyst loadings (0.15 to 8 g/L) were obtained
for different configuration of the photoreactor systems (D. Chen & Ray,

1999).

As in the common chemical interaction, the rate initially increases with
the increased of the catalyst loading until it reached an optimum
concentration. These results were well understood that by increasing the
catalyst loading, the total surface area for reaction increases, therefore
enhance the total active sites for the reaction to take place on the catalyst
surface. As a consequence, there will be a significant improved in the
number of hydroxyl and superoxide radicals that greatly accelerates the
degradation of the organic contaminants (Byrne, Eggins, Brown, McKinney, &

Rouse, 1998; Mazzarino, Piccinini, & Spinelli, 1999).

As more catalyst was added into the solution, it will gradually act as

screening effects and light scattering to UV light penetration. It is due to the
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increase of the solution turbidity thus increases the opacity of the suspension
and greatly affects the light penetration into the solution (Kositzi, Poulios,
Samara, Tsatsaroni, & Darakas, 2007; Mazzarino et al., 1999; Mrowetz &
Selli, 2006). In addition, overloaded with catalyst creates agglomeration
between catalyst particles which leads to significant drop to the total surface
area and will significantly lowered the light and contaminants absorption,
therefore reduced the photocatalytic efficiency (Chatzitakis et al., 2008;
Hayat, Gondal, Khaled, Ahmed, & Shemsi, 2011; Lu et al., 2009). As a
consequence, the number of available photoreactive sites decreases, and
therefore contributes to the dropping of the degradation rate. Nonetheless, a
study found that the optimum catalyst dosage can be achieved by improving
the intensity of the light source. It is found that optimum value of the
catalyst loading is higher with the increasing of the light intensity (D. Chen &

Ray, 1999).

2.7.2 Organic Concentration

Generally, photocatalytic reactions take place on the surface of
photocatalyst. The degree of organic contaminants concentration in aqueous
solutions provides significant impact to the rate of degradation of a
photocatalyst. The adsorption of reactants on the surface of photoatalyst
and the amount of photons arrived at the catalyst surface to photogenerate

eOH radicals are very important for achieving high yield photocatalytic
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process (Mahalakshmi, Arabindoo, Palanichamy, & Murugesan, 2007; Wu,

Gao, Tu, Chen, & Zhang, 2010).

It is well understood that with the increase of the contaminants
concentration, it will cause the degradation rate to drop after certain
concentration limit. This is due to the increase of the amount of the target
contaminants that are adsorbed on the catalyst surface. Nonetheless, light
penetration into the solution will also be affected. Therefore, higher initial
concentration will reduce the amount of photons that successfully arrived at
the surface of the catalyst (Rabindranathan, Devipriya, & Yesodharan, 2003;
Sirtori, Altvater, de Freitas, & Peralta-Zamora, 2006). On the other hand,
only the amount of contaminant absorbed on the surface of the photocatalyst
will contribute to the photocatalytic process and not those in the bulk of the
solution (Mahalakshmi et al., 2007; Rabindranathan et al., 2003). As more
are adsorbed, the demand for oxidizing and reducing species for degradation
process also increase. Since other factors, like catalyst loading, light
intensity and irradiation period, are fixed, therefore the number of active
sites available on the catalyst surface remains constant. As a result, the
available amounts of the eOH radicals are limited and the adsorption of
hydroxyl ions to generate more subsequent eOH radicals is significantly

reduced.

In the study reported by Guettai and co-researchers, photocatalytic

degradation decreased from 100 to less than 70% when the initial
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concentration of methyl orange (MO) increases from 5 to 75 mg/L (Guettai &
Amar, 2005). As a result, the available amounts of the e¢OH radicals are
limited when the dye molecules are significantly increased. On the other
hand, the light rays have been intercepted by high concentration of
contaminants before the photons able to reach the catalyst surface. Hence,
the amount of radicals produced in the system is reduced and this retarded

the photodecomposition efficiency (Rabindranathan et al., 2003).

2.7.3 Effect of pH

Organic wastewater, especially those discharged from industries, may
not be neutral and come with varied pH. Therefore solution pH has to be
taken seriously when handling the photocatalytic water system since it
critically influence the surface charge properties of the photocatalyst particles
thus significantly contributes to the photocatalytic process, such as the

reaction rate (Malik M. Haque, Muneer, & Bahnemann, 2006).

This could be seen as an electrostatic interaction between charged TiO»
particles and the contaminants. Therefore, this highly affects the adsorption
process since photocatalytic reactions are said to be surface reactions (Litter,
1999). The characteristics of the surface charge are greatly influenced by
the medium pH, which significantly affect the absorption and desorption

processes of the photocatalyst surface (Piscopo, Robert, & Weber, 2001).
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TiO. particles are amphoteric in nature; therefore changes in solution pH
affect its surface charge which causes its surface to react differently towards

contaminants (Dalrymple et al., 2007; S. Kumar & Davis, 1997).

In addition, the photodegradation rates are also influenced by the
solution pH due to the dispersion stability of the catalyst (Dyk & Heyns,
1998). In a report, the pH for an aqueous dispersion of TiO, in the absence
of additional solutes, is found to be at pH 6.8. This shows that by irradiating
the dispersions will cause the formation of positive charges on the
photocatalyst surfaces and resulted in acidic medium (Parks, 1965). In
another study when acid/base titrations was applied on the TiO, particles
with regards to the surface-bound hydroxyl groups, it concluded that only at
pH 5 most of the surface hydroxyl groups exist in an uncharged form

(Bahnemann, 1993).

For example, at low pH, the photogenerated holes (h*) are the
predominant oxidizing species, whereas at neutral and higher pH, OH
radicals play the important role in oxidizing the organic contaminants (Shifu
& Gengyu, 2005). In an acidic solution (pH < 2.0), the amount of hydroxyl
production is greatly affected by hydroxyl radical scavenging like proton ions
(Lucas & Peres, 2006). As an example, when solution pH is higher, the
number of hydroxyl ions on the surface increases which leads to an increase
in the degradation of methylene blue (Dyk & Heyns, 1998). This clearly

proves that whilst at higher pHs, there were abundance of hydroxyl anions,
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which facilitate photogeneration of ¢OH radicals and subsequently accelerate

photodegradation process (Mohamed, Mkhalid, Baeissa, & Al-Rayyani, 2012).

On the contrary, it has to be aware that also at high pH, ¢OH radicals
are rapidly scavenged due to abundance of hydroxyl ions which inhibits its
reaction with the organic contaminants (Davis & Huang, 1989). On the other
hand, the decrease in the photocatalytic degradation at lower pH (acidic), is
due to dissolution of photocatalytic material. For example, in a study
reported by Mohamed et al. (2012) on ZnO nanomaterial, they found that at
pH of 7.5, there was no trace of Zn?*, but at pH 5.2 and 2.5, the amount of
Zn%* was significantly increased to 365 and 430 mg-L?!, respectively
(Mohamed et al., 2012). Besides, solution pH seriously affects the positions
of conduction and valence bands in semiconductor materials (Beranek, 2011;
Y. Xu & Schoonen, 2000). As reported by Litter (1999), the flatband
potential decreases by 59 mV per pH unit as provided by Nernstian pH
dependence. This is greatly affected the continuation of the subsequent

redox reactions by electrons and holes (Litter, 1999).

2.7.4 Effect of Light Intensity

As explained earlier, to initiate a photocatalyst process, the light
source has to be at certain wavelength or higher. However, at a given

wavelength, the amount of light photon absorb by the semiconductor
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photocatalyst will also depend on the intensity of the light source. Light
intensity has been one of an important factor influencing the rate of
photodegradation because light irradiation supplies certain amount of
photons required for the electron transfer from the valence band to the
conduction band of the semiconductor photocatalyst. With higher amount of
radiations reaching the surface of the catalyst, more eOH radicals are
produced, and hence increased the rate of photodegradation (Behnajady et

al., 2006; Mahalakshmi et al., 2007; Shafaei, Nikazar, & Arami, 2010).

This shows that light intensity greatly determine the rate for the
photocatalyst to be initiated and the photoreaction of electron-hole formation
(Cassano & Alfano, 2000). Therefore, it translates the importance of
designing a photoreactor in making sure light irradiated onto the system is at
its highest intensity to compliment with the high cost of artificial illuminator

and solar concentrators (Shafaei et al., 2010).

Practically, the profiles for the reaction rate in heterogeneous
photocatalysis are proportional to the number of incoming photons on the
surface of the solid photocatalyst. In low solar irradiance, the performance is
almost linear. Above certain intensity, the reaction rate becomes
proportional to the square root of the solar irradiance, depending upon the
reaction conditions, such as photocatalyst, organic contaminant, photoreactor
design, etc. (Spasiano, Marotta, Malato, Fernandez-Ibahez, & Di Somma,

2015). The reaction rates are briefly depicted in Figure 2.12.
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A study by Chen and Ray, and other researchers, found that the
proportionality of the degradation rates are highly depend on the light
intensity, such as I°° and 1'% at high and low intensity, respectively (D. Chen
& Ray, 1999; Turchi & Ollis, 1990). It has been found by Herrmann (1999)
that the reaction rate reacts differently away from 25 mW-cm™. The reaction
rate was proportional to light intensity below that value, but varied to

square-root (I°°) dependency above it (Jean-Marie Herrmann, 1999).

=k
r=k*">

Heterogeneous photocatalytic
reaction rate (r)

Solar lrradiance (1)
Figure 2.12 Heterogeneous photocatalytic reaction rate vs solar irradiance

(Spasiano et al., 2015).

On another TiO, photocatalyst experiment on the degradation of
dichloroacetic acid (DCA), in oxygen-saturated solutions, degradation rates
were linearly related to the light intensity (below 1.2 x 10°® mol photons L™
s71) at solutions pH of 2.6, 7, and 11. However, the rate of degradation was,
surprisingly, proportional to the square root of the light intensity at pH 5
(Bahnemann, 1993).
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On the other hand, when the distance of UV light sources was
changing, the intensity of the UV light changed. The reaction pathway does
not affected either by the nature or form of the light source. The only
dependent of the photocatalyst on the light is the photocatalytic reaction rate

of the radiation absorption (Gaya & Abdullah, 2008).

Besides, it has also been shown that too much light irradiation can
bring adverse effect and promote faster electron-hole recombination (Litter,
1999), thus competing with the formation of ¢OH radicals (Beydoun et al.,
2000; Halmann, 1996). With even higher intensity, the degradation rate is
no longer depends on the radiation received. The rate remains constant
although the radiation increases. This could be due to the limitation of the
mass transfer within the reaction, which could be due to the lack of electron
scavengers, i.e. Oy, or lack of organic molecules in the proximity of the
photocatalyst surfaces (Gogate & Pandit, 2004; Silva, Nouli, Xekoukoulotakis,

& Mantzavinos, 2007).

2.7.5 Effect of Temperature

One of the special characters of photocatalytic process is it able to

operate at ambient temperature and atmospheric pressure. As has been
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reported by Malato et al. (2003), the optimum operating temperature for

photocatalytic process is in the range of 20-80 °C (Malato et al., 2003).

The temperature is found not playing an important role in the overall
process of photocatalytic degradation. The main reason is that the low
activation energy of photocatalytic reactions (5-20 kJ/mol) if compared with
the ordinary thermal reactions (D. Chen & Ray, 1999). For example, the
thermal activation energy (kT = 0.026 eV at 25 °C) for TiO, photocatalyst is
too low as compared to its band gap energy (Eq = 3.0 eV), therefore, the
heterogeneous photocatalysis is not very temperature sensitive (Kositzi et

al., 2007).

On the other hand, it has also been shown that solution temperature
may contribute some impact to the photodegradation rate of the organic
contaminants. Although the semiconductor photocatalysis is usually not
temperature dependent, an increase in temperature may enhanced the
degradation rate of the organic contaminants, however it may cause
reduction of the adsorptive capacities of the reactant species and dissolved
oxygen, which significantly reduced the photodegradation rate (Chatzitakis et
al., 2008; Gaya & Abdullah, 2008; Jean-Marie Herrmann, 1999; Kositzi et al.,

2007).

However, if the medium temperature is too high, the adsorption

capability of the photocatalyst will be reduced as well as the superficial
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reaction of other reagents due to spontaneous exothermic phenomenon of
the adsorption processes. In addition, the concentration of dissolved oxygen
will drop to a point that contribute to electron-hole recombination (J. -M.
Herrmann, 2005; Mozia, Tomaszewska, & Morawski, 2005)(Mozia et al.
2005, Herrmann 2005). Of course, in the usual photocatalytic process, when
the temperature of the medium increases, an increasing number of the

electron-hole recombination would be observed (Al-Ekabi & Mayo, 1985).

2.7.6 Effect of Morphologies

With the advancement of current technology and great interest in the
photocatalytic study, researchers have developed various synthesis methods
to obtain unique and varieties nanostructured ZnO to improve the
photodegradation efficiency. The nanostructured ZnO can exists in various
morphologies that are very much different from its bulk appearance such as
nanowires, nanorods, nanobelts, nanosheets, nanotetrapods, nanoflowers
and nanospiral disk (Lai, Meng, & Yu, 2010; Saravanan, Shankar, Prakash,

Narayanan, & Stephen, 2011).

The advantage of nanostructured ZnO is higher surface area. A study

performed by Assi et al. (2015) on the ZnO nanorods for the degradation of

methylene blue found that nanorods with higher surface area shows better
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photodegradation efficiency as compared to the lower surface area nanorods

(Assi, Mohammadi, Manuchehri, & Walker, 2015).

Generally, a high surface area gives an advantage to a catalyst
process since it provides better interaction and wider active sites per unit
area, therefore higher results could be achieved (Abrahams, Davidson, &
Morrison, 1985). As a comparison, TiO, anatase was said to contribute
higher activity as compared to rutile due to its higher surface area (Bacsa &

Kiwi, 1998).

It is well known that the size of particles contributes to the amount of
surface area for the photocatalytic activity to take place. Thus, the smaller
the particle size, the bigger the surface area, therefore the expected activity
is higher. This translates that with the increase of the surface area, it equate
that the number of active sites per unit area also increases, therefore
improved the adsorbability of recalcitrant organics on the catalyst surface (N.
Xu et al., 1999). However, there is a lower limit for the particle size of the
catalyst (10 nm), where other factors have to be considered as quantum size

effects starts to dominate (Bahnemann, 1993).

In general, there have been many reports on TiO, crystal phases
claiming that anatase is more active than rutile (Bacsa & Kiwi, 1998;
Chhabra, Pillai, Mishra, Morrone, & Shah, 1995). One of the reports

proposed that the most outstanding characteristics which shows anatase
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performed better in the photocatalystic activity as compared to rutile is the
degree of hydroxylation (Surender, Fotou, & Pratsinis, 1998). They reported
that anatase surface was highly hydroxylated while rutile possessed very

scarce superficial hydroxyl groups.

In another study on the ratios between anatase and rutile with
crystallite size, it is found that the photocatalytic reaction was more effective
with larger crystallite size. Larger crystallite size is due to longer migration
distances existed for the photoproduced electrons and holes, which reduced
the probability of electron hole recombination. In addition, lower degradation
rates with rutile as compared to anatase was attributed to the more positive
conduction band of rutile, which retarded the reduction of oxygen (Tanaka,

Capule, & Hisanaga, 1991).

Although many reports mentioning anatase possess better
photocatalytic performance, however pure anatase may not be the best
catalyst as counter reported by other researchers. There are many reports
suggested an addition of rutile into anatase might be the best combination
(Bacsa & Kiwi, 1998). They believed that with the presence of rutile, the
photocatalytic activity was enhanced with the appearance of mesoporosity

and wider pore size distribution.

In addition, photocatalytic activity is governed by the recombination

rate between electrons and holes and the interfacial electron transfer rate.

59



These rates are related to variations of the surface area, existence of
structural defects in the crystalline, impurities or density of hydroxyl groups
on the photocatalyst surface. These factors would influence the adsorption
behavior of a pollutant or degradation intermediates and the life time and

recombination rate of EHPs (Qamar, Saquib, & Muneer, 2005).

2.8 Modified Photocatalyst

Semiconductor oxides used in photocatalytic system may come from
various oxides which possess different positions of conduction and valence
band and hence all oxides exhibit various band gap energies, as shown
earlier in Figure 2.6. For photocatalytic process to take place, light
irradiation is requires to photogenerate the EHPs. However, to photoexcite
electron requires certain wavelength of light source due to the constraint of
band gap energy for the particular semiconductor oxide. For example, band
gap of titania is about 3.2 eV which requires the irradiation of UV light with
wavelength below 380 nm, which account for approximately 4% of the
intensity of the solar radiation, to initiate photocatalytic process. This
therefore limits the utilization of visible light which occupies a large part of
the solar light (Grabowska, 2016; Rattanakam & Supothina, 2009).
Nonetheless, photogenerated EHPs are the main source of the photoactivity.
However, the quick recombination of these photogenerated EHPs is the major

drawback for the efficiency of the semiconductor photocatalysis that lower
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the quantum yield as well as energy wasting (Li et al. 2006; Lu et al. 2011).
In light of these, ways to improve the efficiency of photocatalytic process are
important subject of study to exploit the full potential of the semiconductor
photocatalyst. Recently, there have been modifications being applied on the
semiconductor oxide for the utilisation of the light source and an
improvement of photocatalytic efficiency (Quanjun Xiang, Yua, & Wong,
2011). These modifications can be grouped as doping, surface modification

and sensitization of semiconductor oxide (Zangeneh et al., 2015).

2.8.1 Effects of Doping on Photocatalytic Activity

Since photogenerated EHPs are the main source of photocatalytic
system, thus recombination process should be inhibited to achieve better
photocatalytic efficiency. Therefore, doping has been considered as one of
the prominent development in reducing EHPs recombination as well as in
utilizing wider range of the solar light (Ansari et al., 2012). Different dopants
may have different effects on the photoactivity of the semiconductor such as
concentration and nature of the dopant, synthesis method and operating
conditions (Zangeneh et al., 2015). Schematic diagram for semiconductor
doped with metal and nonmetal as compared to pure oxide is shown in Figure
2.13. Therefore, with the capability of controlling the system by avoiding or

lowering the EHPs recombination, the production of hydroxyl radicals and
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superoxides species will increase enormously and hence significantly

improves the photocatalytic process (Kato et al., 2005).

Conduction band
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Figure 2.13: Doping semiconductor photocatalyst: hvi: pure photocatalyst;
hv,: metal-doped photocatalyst; hvs: nonmetal-doped photocatalyst

(Zangeneh et al., 2015).

Photocatalyst doped with metals such as Cr, Mo, and Fe significantly
improve photocatalytic activity due to the enhancement of the EHPs
photogeneration and adsorption of organic pollutants (Ansari et al., 2012;
Xuemin Li, Guo, & He, 2013). Silver (Ag), gold (Au) and platinum (Pt) doped
photocatalyst able to facilitates electron-hole separation and promote the
interfacial electron transfer process, that is enhance the electron-hole
separation by acting as electron traps. In addition, it extends the light

absorption into the visible range and enhance surface electron excitation by
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plasmon resonances excited by visible light (Begum, Gogoi, & Bora, 2017;
Hosseini, Abdolhosseini Sarsari, Kameli, & Salamati, 2015; S. Kim, Hwang, &
Choi, 2005; R. Liu, Wang, Wang, Yu, & Yu, 2012; Mohammed Harshulkhan,
Janaki, Velraj, Sakthi Ganapthy, & Nagarajan, 2016; Padikkaparambil,
Narayanan, Yaakob, Viswanathan, & Tasirin, 2013; Santos et al., 2015).
Nevertheless, these doping also modify the surface properties of

photocatalysts (Santos et al., 2015).

In another occasion, most of the non-metal doped photocatalysts are
active under the visible light, such as doping with nitrogen (Cheng, Yu, Xing,
& Yang, 2016), iodine (G. Liu et al., 2011), Chlorine (Long, Cai, Chen, & Xu,
2007), fluoride (Tan, Wong, & Mohamed, 2011), sulfur (C. Wang et al.,
2014), phosphorous (Gopal et al., 2012) and carbon (Palanivelu, Im, & Lee,
2007) activate and functionalize the photocatalytic process under visible light
(Mohammed Harshulkhan et al., 2016). However, higher reaction rate has to
be pursued for practical application since the photocatalytic efficiency of such
nonmetal and anion doped photocatalyst under visible light is much lower

than that under UV light (Islam, Nagpure, Kim, & Rankin, 2017).

2.8.2 Surface Modifications

In search of better performances of semiconductor photocatalysts,

much attention has been focused on the visible light source utilization (due to
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wide band gap) and EHPs trapping. This could be achieved through organic,
metal or oxide modification on the semiconductor surface. The organic
modification approaches is based on the chemical reaction of phenolic
hydroxyl group of organic compounds, such as salicylic and binaphthol, with
hydroxyls (OH) group in the photocatalyst follows by chemical adsorption of
dye molecules on the photocatalyst surface, as shown in Figure 2.14 (Ikeda,
Abe, Torimoto, & Ohtani, 2003). The photocatalytic process is going through
interfacial electron transfer caused by charge injection into the conduction
band of the photocatalyst at sub-band gap excitation (Chatterjee & Mahata,
2001). As a consequence, the modification photocatalyst will have higher
absorption capacity through a wider range by effectively utilise the visible

light source (Tan et al., 2011).
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Figure 2.14: Schematic diagram for surface modification of TiO. loaded with

platinum (Ikeda et al., 2003).

As reported by Libanori et al. (2009) and co-researchers, the

superficially modified semiconductor photocatalyst (TiO;) by depositing high-
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dielectric oxides, such as Y»03 and Al.Oz on the TiO; surface produces coating
of insulating modifying surface by forming an intermediate phase such as
titanates. Optimum modifier amount of 0.8% (w/w) with Y>Os modification
was found to show the highest photodegradation rate for Rhodamine B under
visible light irradiation. They were suggesting that higher performance of the
surface-modified nanoparticles might be due to the synergistic effect in
electron capture through improved absorption rates and generation of high

energy barrier (Libanori, Giraldi, Longo, Leite, & Ribeiro, 2009).

In a phosphate modified photocatalyst for degradation of 4-
chlorophenol (4CP) under UV irradiation, the result shows better performance
than non-modified photocatalyst. This was due to its inhibition of the
contaminant absorption for direct oxidation hole pathway, which enhance the
separation of photogenerated hole and electron by negative electrostatic field
formed by the surface anion, and hence can force the formation of free
hydroxyl radical (Gopal et al., 2012). Another significant improvement on
the photocatalytic activity is by depositing noble metals, such as platinum or
gold on the semiconductor nanoparticles. This is because noble metal acts as
a sink for photoinduced charge carriers, increase the interfacial charge
transfer processes and hence inhibits electron recombination (L. M. Ahmed,

Ivanova, Hussein, & Bahnemann, 2014; S. Kim et al., 2005).

From the above discussion, it is worth mentioned that surface

modification on the photocatalyst particles may enhanced the
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photocatalytic systems in a few ways, such as inhibit charge
recombination, expand the wavelength response range and control the

selectivity or yield of a particular product (Gopal et al., 2012).

2.8.3 Sensitization in Photocatalytic System

Photocatalysis sensitization is viewed as the bridging between the
sensitizer and semiconductor photocatalyst. The implementation of the
sensitizer is to potentially induce photoexcited EHPs with high mobility by
simultaneously injecting electrons into the conduction band of the
semiconductor and efficiently absorbs larger proportion of sunlight. This
photocatalysis sensitization could be categorized as polymer hybridization,
sensitization by narrow band gap semiconductor and dye sensitization

(Zangeneh et al., 2015).

2.8.3.1 Polymer Hybridization

Lately, conjugated polymers have been extensively applied to
hybridize with photocatalyst nanoparticles due to their ability to improve the
photocatalytic response as compared to the bare photocatalyst nanoparticles
in aqueous medium (Chowdhury, Paul, & Chattopadhyay, 2005). Common
conjugated polymers such as polyaniline (Xingwei Li, Wang, Li, & Lu, 2004),

polythiophene (S. Xu et al., 2012), polypyrrole and polyvinyl alcohol (Luo, Li,

66



Wang, Wang, & An, 2011) are promising materials to be used as
photosensitive and charge mobilization components, due to their excellent
properties such as narrow and easy to control band gap, easy chemical
modification, high charge carriers mobilization, very stable and low cost. In
addition, polymer/photocatalyst hybrid materials provide very promising
application in degrading organic contaminants under both UV light and visible

light irradiation (Luo et al., 2011; S. Xu et al., 2012).

Under the UV light irradiation, the separations of photoinduced EHPs
are effectively enhanced due to capability of conjugated polymers in the
mobilization of photoinduced holes. Whereas under visible light irradiation,
the hybrid polymers are excited to produce EHPs and the induced electrons
are injected into the conduction band of the photocatalyst. The electron
acceptors such as oxygen adsorbing on the photocatalyst surface will react
with those electrons to generate oxidative species, such as hydroxyl radicals
and superoxide radicals (Qiu et al., 2008; S. Xu et al., 2012). The schematic
mechanism for the polymer hybridization under UV light and visible light

irradiation is shown in Figure 2.15.

However, there is an adverse effect on the conjugated polymers
themselves since they are organic too, thus they may be decomposed by
those oxidative species together with the organic contaminants during the

process. Therefore, further studies on the effectiveness of the conjugated
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polymer/photocatalyst composites are very important after the polymer was

partially oxidized (S. Q. Wang, Liu, & Zhu, 2011).
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Figure 2.15: Sensitization mechanism for polymer hybridization under UV

light (a) and Vis light (b) irradiation (P. Liu, Zhang, Cao, & Xue, 2012).

2.8.3.2 Coupled Semiconductor

One of the significant methods to simultaneously enhance the
photoexcited EHPs by reducing the recombination of electron hole (Serpone,
Maruthamuthu, Pichat, Pelizzetti, & Hidaka, 1995) and efficiently absorbed
larger portion of the sunlight is by combining different types of
semiconductor photocatalysts (Fujii, Ohtaki, Eguchi, & Arai, 1997). Various
coupling system have been applied in photodegradation of organic
contaminants, such as CdS/TiO. (Kannaiyan et al., 2010), CuO/ZnO
(Sathishkumar, Sweena, Wu, & Anandan, 2011), Ag:S/ZnO (Subash,

Krishnakumar, Pandiyan, Swaminathan, & Shanthi, 2012), Ce0./ZnO
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(Lamba, Umar, Mehta, & Kansal, 2015), Sn0,/ZnO (Uddin et al., 2012),
Fesz04/Zn0 (J. Xia, Wang, Liu, & Su, 2011), WO3/TiO; (Leghari, Sajjad, Chen,

& Zhang, 2011) and TiO2/Zn0O (Pant et al., 2012).

The highest photodegradation efficiency among the studied coupling
system is the graphene oxide coupled with ZnO, in the degradration of
Methylene Blue with irradiation time of only 40 minutes. Besides, in the
degradation of Rhodamine B (RhB), the percentage of decolourization
increased at least twice as much when applied to coupled photocatalyst such
as (Zn0O/Ce0)-p-CD (Velusamy & Lakshmi, 2017), Ce0,/Zn0O/TiO, (Prabhu,
Viswanathan, Jothivenkatachalam, & Jeganathan, 2014) and Bi»0s3/Zn0O (Y.

Yang et al., 2014).

The advantages of coupled photocatalysts as compared to individual
photocatalyst were the induced of an efficient charge separation and
enhanced of photostability (Ghugal, Umare, & Sasikala, 2015). The
measured lifetimes for the composite as compared to single photocatalyst are
590 ps and 470 ps, respectively, whereas the photostability measurements
showed only a small dropped from 99% to 84% for up to 6 cycles of
photocatalytic reactions. Sensitization mechanism for the coupled

semiconductor photocatalyst is shown in Figure 2.16.
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Figure 2.16: Sensitization mechanism for combined semiconductor

photocatalyst (Zangeneh et al., 2015).

2.8.3.3 Organic Dye Sensitized Photocatalyst

In the dye sensitized photocatalyst, the dye act as a bridging molecule
to the photocatalyst. Upon irradiation with visible light, the sensitizer is
photoexcited to produce EHPs and then the electrons are injected into the
conduction band of the semiconductor. The process continues to react with
the absorb oxygen on the semiconductor surface that generates hydroxyl
radicals and superoxide radicals (Zangeneh et al., 2015). There are two
types of organic dye sensitized photocatalysts. The first one was based on
the physical or chemical adsorption of dye molecules on the photocatalyst
surface and the second was a construction of dye sensitized photocatalysts

(Chatterjee & Mahata, 2001).
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It has been recognized that dye sensitizing semiconductor involves
three consecutive processes, namely dye sensitizer adsorbs onto the surface
of photocatalyst. Next, the adsorbed dye is excited by visible light, and
finally, high mobility electrons from the excited dye are injected into the
photocatalyst conduction band (L. Song et al., 2007; S. Song et al., 2011).
It has to make known that the dyes are easily dissolved in the medium
during the photocatalytic process as the physical adsorption of the dyes on
the photocatalytic surface is not so firm. Therefore, in overcoming this, a
costly synthesization with chemical bonding between dye and photocatalyst
can be applied (Zangeneh et al., 2015). Simple sensitization mechanism for

the dye sensitized photocatalyst is shown in Figure 2.17.
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Figure 2.17: Sensitization mechanism for dye sensitized photocatalyst

(Zangeneh et al., 2015).

In one of the dye sensitized photocatalyst, a photocatalyst has been
chemically prepared with tolylene-2,4-diisocyanate (TDI) dye with TDI as a
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bridging molecule. This dye modification photocatalyst has shown strong
adsorption in visible light region and increased in the Methylene Blue
adsorption capacity, therefore resulting in significant increase in its
photocatalytic activity as compared to bare photocatalyst (Zangeneh et al.,

2015).

2.9 Dyes as Wastewater Effluent

There have been plenty of industries such as textiles, leather, plastic,
paper and food, using dyes in their product. There are several ways
commercial dyes can be classified, in term of structure, colour and
application methods. They are most favourably on application, due to the
complexities of the colour nomenclature from the chemical structure system.
Besides, dyes also classified based on their particle charge upon dissolution
in aqueous application medium such as cationic (all basic dyes), anionic
(direct, acid, and reactive dyes), and non-ionic (dispersed dyes) (Yagub,

Sen, Afroze, & Ang, 2014).

Dyes is ‘coloured” due to the presence of a substance
called chromophore in them, which are basically ionizing and aromatic
compound showing affinities towards the substrates. One characteristic of
dye is that the dyes must get completely or at least partially soluble in which

it is being put into. Therefore, it is generally applied in an aqueous solution.

72



Dyes may also require a mordant or a reagent such as alumina or tannic
acid, to improve the fastness of the dye on the material on which it is
applied. There are similar categories applicable to dyes as well as other
chemicals too. Therefore, certain kind of dyes can be toxic, carcinogenic or

mutagenic and can pose as a hazard to health.

Dyes with aryl rings have delocalised electron systems. These
structures responsible for the absorption of electromagnetic radiation of
varying wavelengths, based upon the energy of the electron clouds. It is
actually because of this reason that chromophores do not make dyes
coloured. Rather it makes the dyes proficient in their ability to absorb
radiation. Chromophores acts by making energy changes in the delocalised
electron cloud of the dye. This alteration invariably results in the compound
absorbing radiation within the visible range of colours. Human eyes detect
this absorption, and responds to it. In another possibility, if the electrons are
removed from the electron cloud, it may result in loss of colour. To conclude
chromophores are the atomic configurations which has delocalised electrons.
Generally they are represented as carbon, nitrogen, oxygen and sulphur.

They can have alternate single and double bonds.

Most synthetic dyes are made from coal-tar derivatives, which is a
highly complicated technical operation and constantly changing. There is
variation in the manners in which fibers respond to dyes. Sometimes, the

same fibers do not produce a full range of colors with a particular type of
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dye.

By using triazine as a bridge link in dye molecule, a wide range of

chromophore with excellent fastness can be selected (Kusic, Koprivanac, &

Bozic, 2013). The properties of each dye were obtained from Sigma Aldrich

safety data sheet (SDS) and are listed in Table 2.2 below.

Table 2.2 List of Dyes and their properties (Sigma Aldrich SDS)

Dyes

Empirical Formula;
Molecular Weight;
Absorption Max.

(Amax)

Structure

Methylene blue

Ci6H18N3SCle3H20

(C.I. 52015) Mw = 373.90 g/mol CHs « 3H,0 CHj
7\,max = 665 nm
HO
Phenol Red C19H1405S O O OH
Mw = 354.38 g/mol
(Lo
}Lmax = 435 nm /S\\
' O
@]
I
Methyl Orange C14H14N3NaO3S

(C.I. 13025)

Mw = 327.33 g/mol

}Lmax = 465 nm
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Acid Blue 40

(C.I. 62125)

C22H16N3NaOeS

Mw = 473.43 g/mol

Amax = 621 nm

Acid Brown 14

(C.I. 20195)

C26H 16N4Na20852

Mw = 622.55 g/mol

Amax = 467 nm

Acid Orange 7

(C.I. 15510)

C16H11N2Nao4s

Mw = 350.32 g/mol

Amax = 488 nm

Acid Red 114

(C.I. 23635)

C37H>5N4Na>010S3

Mw = 830.81 g/mol

Amax = 525 nm

Acridine Orange

(C.I. 46005)

C17H20C|N3

My = 438.09 g/mol

Amax = 495 nm
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Basic Blue 41

(C.I. 11105)

C20H26N406S2
Mw = 482.57 g/mol

Amax = 608 nm

.
CHg HgCO—§—O

+ 7

N 0]
S—N CH
H30\0/©:S>_ «NO( 3
\_\OH

Direct Blue 71

CaoH27N7013S4.Naa

QNa
0=8=0

OH
(C.I. 34140) M. = 1029.88 g/mol N‘” : ) “Bf
Oz%zo O O T)ao/s“b NH»
Amax = 587 nm ONa S
HSC\"N,CHg Br

Methyl Green

C27H35ClIN3.ZnCl;

Cl
* xZnCl,

(C.I. 42585) Mw = 608.78 g/mol |
 Ulges
}Lmax = 630 nm
H3C\,|\I ,]\L,CHg
CHj CHs
o)
Orange G Cie6H10N2Na20,52 0=5=0ON
OH
(C.I. 16230) My = 452.37 g/mol 0 OO
I
Amax = 475 nm NaO-3
0]
00 (o]
M/ \\y
Procion Red MX-5B Ci19H10Cl2NgNa205S,

(C.I. Reactive Red 2)

Mw = 615.33 g/mol

Amax = 538 nm

Nao™ > OO S~ONa
N/,N
CI\rN NH OH

N|\Y
\f
Cl

N
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Reactive Red 120

(C.I. 292775)

Ca4H24Cl2N14Nas020Ss

Mw = 1469.98 g/mol

NaO,S 50,Na

NaQ;S N=N / \§
(m OH

{h@mﬁm - \/LNH%L W,

/ \y N=N SOaNa

Amax = 512 nm
Naogs/; CI '50,Na
HSC\K"CH3

Basic Violet 3 C25H30C|N3 ‘ Cl_
(C.I. 42555) My = 407.98 g/mol |

7\,max = 588 nm O O

HgC\'I\j II\I/CHS
CHs CHs

Direct Blue 15 C34H24N6Na4016S4 NH, OH " O OC:3N OH NH,
(C.I. 24400) Mw = 992.80 g/mol NaO- s’ “ is ONa NaO- 5““ \s ONa

7\,max = 600 nm

Q
Disperse Brown 1 C16H15CI3N4O4

(C.I. 11152)

Mw = 433.67 g/mol

7\,max = 586 nm

In the earlier part of the photodegradation study, three type of dyes,

namely methylene blue (MB), phenol red (PR) and methyl orange (MO) were

investigated together with the three metal oxides, ZnO, TiO, and Fes3Oa4

nanoparticles photocatalysts.

These dyes were chosen as the organic
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compound since they are complex organic substances which contain a
significant amount of various functional groups and are well dissolved in
water. In the photocatalytic degradation study for the ZnO/Fes:0s4 and

TiO,/Fe304 nanocomposites, MB dye will be used as the model dye.

Last part of this photocatalytic study will be using 5 sample dyes, that
have been randomly picked, to study different properties possessed by these
dyes, such as the number of azo groups, number of benzene groups,
molecular weight and UV-visible absorbance, in relation to their rate of
decomposition by the ZnO/Fes04 nanocomposites materials. These dyes are
Reactive Red 120 (RR120), Disperse Blue 15 (DB15), Acid Brown 14 (AB14),

Orange G (OG) and Acid Orange 7 (AQ7).
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CHAPTER 3

Experimental Preparations

3.1 Introduction

This chapter provides detailed description of the whole experimental
works and procedures implemented throughout the study. First part gives
the raw materials used in this study. The second part provides the flow of
the main steps taken in characterizing and experimenting for the raw powder
as well as the prepared nanocomposites samples. Next, the raw and
prepared samples are sent for characterization. Finally, those samples are

used to evaluate their photocatalytic efficiency on the particular dyes.

3.2 Materials

3.2.1 Raw Materials

Zinc oxide (ZnO, R & M Chemicals, U.K.), titanium dioxide (TiO2, R & M

Chemicals, U.K.) and iron oxide (FesO4, Systerm, ChemPur) purchased are of

analytical grades and used without any modification.
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The dyes chemical include: methylene blue (CisH1sN3SCle3H>0;
Mw=373.90 g/mol), phenol red (CiosH140s5S; Mw=354.38 g/mol), methyl
orange (CisH14N3NaOsS; Mw=327.33 g/mol), acridine orange (Ci7H20CINs3;
Mw=438.09 g/mol) and methyl green (C;sH3sCI:Ns.ZnClz; M,=608.78 g/mol)
were purchased from R & M Chemicals, UK. Acid blue 40 (Cz:H16N3NaQOsS;
Mw=473.43 g/mol), acid brown 14 (CzsHisN4Na0sS,; Mw=622.55 g/mol),
acid red 114 (CssH2sN4sNa.O10Ss3; Myw=830.81 g/mol), basic blue 41
(C20H26N406S2; Mw=482.57 g/mol), direct blue 71 (CsoH27N7013S4.Nas;
Mw=1029.88 g/mol), procion red MX-5B (CioH10Cl2NsNa.0,;S;; My=615.33
g/mol), reactive red 120 (Cs4H24Cl2N14NasO020Ss; Mw=1469.98 g/mol), basic
violet 3 (CzsH30CIN3; Mw=407.98 g/mol), direct blue 15 (CszsH2aNsNasO16S4;
Mw=992.80 g/mol), and disperse brown 1 (CisH16Cl2N4O4; My=399.24 g/mol)
were purchased from Sigma-Aldrich. Acid orange 7 (CieH1:N2NaO4S;
Mw=350.32 g/mol) and orange G (CisHi10N2Naz0,S;; My=452.37 g/mol) were
purchased from Friendemann Schmidt. All the chemical products were used
as received without any further purification. The deionised water obtained
from Favorit Water Distiller (Favorit Water Still W4L; conductivity of 3-4
us/cm and resistivity of 0.25-0.30 MQ:cm) was used to prepare all the
aqueous solutions. In preparation of solutions of different pH, the acid and
base precursor materials that used were sulfuric acid (H2S04) and sodium

hydroxide (NaOH), respectively.
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3.2.2 Preparation of the Magnetic Nanocomposite Material

The first part of the experiment was to determine the amount of
catalyst loading that will contribute to the optimum degradation of organic
dye. Therefore, the photocatalysts nanopowders were prepared in a series of
catalyst loading, in the range of 1.0 to 10.0 wt% and 1.0 to 6.0 wt% for ZnO
and TiO; photocatalysts samples, respectively. In every photocatalytic test,
0.20 g of different catalyst loading will be capped and mixed with 3.0 ml of

organic dyes.

Figure 3.1 shows the flowchart in the preparation for the ZnO/Fe304
and TiOy/Fe304 magnetic nanocomposites photocatalyst materials. Firstly,
ZnO and TiO; nanopowders were prepared in few vials followed by weighing
of the iron oxide (Fesz04) nanopowders. In order to evaluate the effect of the
magnetic nanomaterial on the photocatalytic properties, ZnO/Fe;04 and
TiO,/Fe3z04 nanocomposites samples doped with different weight percentage
(wt%) of FesO4 were prepared, in a series of 1, 5, 10, 12, 15 and 20 wt%.
These nanocomposites powders were mechanically mixed in a porcelain bowl
for about 15 to 20 minutes. Figure 3.2 shows the ready mixed
nanocomposites powders for ZnO/Fes04 with different wt% of doped FesOa4

before calcination.
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Figure 3.1 Flowchart of mechanically prepared ZnO/Fe3z04 and TiOz/Fes;04

nanocomposites.
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Figure 3.2: Different wt% of ZnO/Fes04 powders after mechanical mixing.

(@) 20 wt% of Fes304; (b) 1 wt% of FesOa..

Each series of the ready mixed nanocomposites powders were then
sintered in the muffle furnace (Carbolite, ELF 11/6) at different sintering
temperature (200, 250, 300, 350, 400 and 450 °C) for a duration of 5 hours.
The heating rate adopted was fixed at 20 C° per minute. After sintering, all
powders were physically grinded by using the micro spatula before kept in
the vials. These nanocomposites samples were ready to be used for the
photocatalytic process experiments. This is a simple method of low
temperature powder mixing technique which has been used to prepare mixed

oxide catalyst material (Bridgwater 2012, Ramezani and Neitzert 2012).
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3.3 Photodegradation Study

The aqueous solutions of the organic dyes were prepared in test tubes
and the studies of its photocatalytic degradation were carried out in aqueous
immobilized mode and slurry type experiment. This method was chosen due
to its simple apparatus requirement, in agreement with several researchers
whom reported significant degradation has taken place on the organic

compound in aqueous immobilised mode (Augugliaro, Litter et al. 2006).

Before the degradation processes, the individual photocatalyst powder
and the nanocomposites powder were premixed with distilled water in
beakers and vials to obtain different concentration of the catalysts loading,
that is between 0.50 wt% to 10.0 wt%. In addition, the organic dyes, such
as MB, PR and MO, were also premixed by adding the weighted dyes powder
(or solution) with distilled water to obtain the desired concentration, in the
range of 2.00 ppm to 64.0 ppm depending on the dyes. MB dye was used as
the model organic dye in few experiments. After that, 3.00 ml of organic dye
solutions were added with 0.20 g (0.20 mL) of premixed photocatalyst of
different concentrations. These mixtures were allowed to be in the dark for
about 30 minutes to allow the establishment of adsorption/desorption
equilibrium between the dye molecules and the surface of the photocatalyst
(Kaur and Singhal 2014). They were then shifted and placed under UV light
irradiation for various durations, with 10 minutes interval, to allow the

degradation process to take place. The photocatalytic degradation was
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carried out in the UV chamber (Uvitec Cambridge ultraviolet crosslinker, CL-
508.G, with 5 of 8 W tube bulbs) equipped with five UV tube each producing

light source of 254 nm wavelength, as shown in Figure 3.3.

oA e

| Illumination
T | (UVrays)

oo |

Figure 3.3: Schematic diagram of the experimental set up.

- UV chamber

| Samples

After the irradiation, each individual photocatalyst sample will be
placed into the centrifuge (Kubota Tabletop Centrifuge 2420) to remove the
photocatalyst before analysis whereas the nanocomposite sample was
applied with magnetic field to separate the photocatalysts from the organic
dye solutions. A 2 mL aliquot was taken from the solutions at regular time
intervals to measure the absorption spectra of the dyes, and subsequently
determine the percentage degradation of each dye. The first aliquot was

withdrawn from the solutions right after the dark absorption/desorption
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equilibrium period to determine the first absorbance spectrum (A,) of the

dye, which represents the initial concentration (C,) of the dye.

The photocatalytic performance efficiency of the nanocomposite
photocatalyst materials were evaluated by measuring the absorption spectra
of the dyes in aqueous solutions using a UV-Visible Spectrophotometer
(Varian, Cary 50) detector with scan rate of 120 nm/min for wavelength
range from 200 nm to 800 nm. The degradation was studied by observing at
the changes of the absorption maximum of the organic dye used.
Throughout the investigations, various types of sample solutions were
examined, such as dyes concentrations, irradiation duration and

photocatalyst loading.

In the final part of this study, 5 sample dyes, Reactive Red 120
(RR120), Disperse Blue 15 (DB15), Acid Brown 14 (AB14), Orange G (0G)
and Acid Orange 7 (AO7), have been randomly picked for the study of the
photodecomposition processes by the ZnO/Fez04+ nanocomposites materials.
All dyes were similarly prepared, with all dyes having similar concentration,
and 3 ml of each dye was placed in individual vial. The ZnO/Fe304
nanocomposite was then added into the each dye solutions. The properties
such as the number of azo groups, benzene groups, molecular weight and

absorbance, in relation to their rate of decomposition were studied.
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3.4 Characterization

The raw and prepared nanocomposites samples were sent for particle
size and microstructures measurements. The microstructures of the samples
were studied by using field emission scanning electron microscopy (FESEM)
from FEI, Quanta 400 SE/SEM, coupled with energy dispersive X-ray analyser
(EDX) and a high resolution transmission electron microscope (TEM) from
LEO 912AB equipped with energy filter. TEM sample was obtained from a
suspension of nanocomposites then was sonicated before it was dispensed
onto a 300-mesh carbon-coated copper grid and then evaporated the
solvent. The crystal structures were characterised by using X-ray diffraction
(XRD) by using PANalytical, US, X'Pert Pro Powder employing a scanning rate
of 0.20 degree per second through the 26 range of 10° to 80° with Cu-K,
radiation. The specific surface area was determined on the basis of BET
instrument using Micromeritics, ASAP 2020 V3.01 H. The sample was

degassed for 2 hrs at 250 °C prior to the N, adsorption analysis.

3.4.1 X-Ray Diffraction

In the study of materials, it is common to use X-ray diffraction (XRD)

to determine the bulk structure and composition of heterogeneous

photocatalysts with crystalline structure. X-ray diffraction is the elastic

scattering of energetic X-ray photons by atoms in a periodic lattice. The
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scattered monochromatic X-rays that are in phase produce constructive

interference.

The XRD analysis is the identification of the lattice planes that produce
peaks at their corresponding angular positions 26, through the derivation of

lattice spacing by using the Bragg’s law (Niemantsverdriet 2007):

2d sin 8 = nA; n=1,2, .. [3.1]
where:
n is the integer for the order of the reflection;
A is the wavelength of the X-rays;
d is the distance between two lattice planes;
7] is the angle between the incoming X-rays and the normal to the

reflecting lattice plane.

Although XRD analysis is typically limited to the identification of a
number of specific lattice planes, the characteristic patterns associated with
individual solids make XRD quite useful for the identification of bulk
crystalline of composite materials. An illustration of X-rays diffraction by

crystal planes is shown in Figure 3.4.
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Figure 3.4 Illustration of X-rays scattered by atoms in an ordered lattice
interfere constructively in directions given by Bragg’s law (Niemantsverdriet

2007).

Thus, XRD is very useful in the identification of bulk crystalline
components of solid photocatalysts because of its ability to give the
corresponding lattice spacings which produce the characteristic patterns
associated with individual solid. The X-ray diffraction pattern of a powdered
sample is measured with a stationary X-ray source (usually Cu-Ka) and a
moveable detector, which scans the intensity of the diffracted radiation as a

function of the angle 26 between the incoming and the diffracted beams. In
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addition, this method also able to identify any impurity phases, if they exist

in the sample powder.

Besides, XRD also able to estimate the average crystallite or grain size
of photocatalysts. Although XRD assist in phase recognition, it has one
limitation, namely that clear diffraction peaks are only observed when the
sample possesses sufficiently long range order. However, this limitation is a
clear advantage since the width (or rather the shape) of diffraction peaks
provides information on the dimensions of the reflecting planes. The
diffraction lines are very narrow if it is perfect crystals, but the line is
broadening when incomplete destructive interference in scattering directions

where the X-rays are out of phase.

For sample with sufficiently long-range order, the XRD peaks are
intense and sharp, whereas for crystallite sizes below about 100 nm, the
peaks become broader due to incomplete destructive interference in
scattering directions. X-ray diffraction pattern with 2.4 and 1.1 wt% Pd in
two silica-supported palladium catalysts showing a line broadening at the
(111) and (200) reflections where the average particle size are found to be
4.2 and 2.5 nm, respectively (Niemantsverdriet 2007). The average
crystallite/grain size D, can be estimated by applying the Debye-Scherrer

equation (Singh, Zeng et al. 2012):

—_Ki
D= Scosb [3.2]
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where

K is the shape factor (has typical value of about 0.90);
A is the X-ray wavelength (e.g. Cu-K, line);
yij is the measured width (in radian) of a diffraction line at half-maximum

at position of diffraction angle 26; normally called FWHM.

6 is the angle between the beam and the normal on the reflecting plane.

The Scherer equation is limited to nanoscale particles (Singh, Zeng et
al. 2012). It is not applicable to grains larger than about 100 nm, which
precludes those observed in most metallographic and ceramographic
microstructures. The width of the diffracted X-ray peak would solely give
particle size, if contribution from inhomogeneous strain and instrumental
effect into the line width is zero; otherwise, size calculated using the
Scherrer equation has a larger value than the actual particle size (Singh,

Zeng et al. 2012).

Another example of the application of the equation above, for the
characterization of anatase TiO., photocatalysts is shown in Figure 3.5.
Zhang et al. (1998) was using the line width of the (101) diffraction peak at
25.4° to determine the average grain sizes of samples which were treated at
different temperatures; a significant growth in particle size was clearly
observed for sample sintered at higher temperatures (Zhang, Wang et al.

1998).
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Figure 3.5 XRD patterns for three TiO, samples treated at different

temperature (Zhang, Wang et al. 1998).

On the other hand, by using smaller wavelengths and when the
diffraction lines shift to lower angle, the line broadening is reduced. Thus, by
using Mo Ko X-rays (17.44 keV; A = 0.07 nm), one can obtain diffraction
patterns from smaller particles than with Cu Ko radiation (8.04 keV; 4 = 0.15

nm) (Niemantsverdriet 2007).

92



In this study, the photocatalysts powder were characterised by using
PANalytical, US, X'Pert Pro Powder employing a scanning rate of 0.20 degree
per second through the 26 range of 10° to 80° with Cu-K, radiation. The
measurement was done in reflection mode (Cu-K, radiation with Ge(220)
monochromator). After the scanning, the completed XRD pattern for the
particular sample was compared and matched to the published standard
patterns in the literature. This matching will be able to identify the crystal

structures present in the sample as well as any impurities that existed.

3.4.2 Scanning Electron Microscope

The scanning electron microscope (SEM) is one of the most useful
tools for imaging surface and subsurface microstructure. The accelerating
voltage is usually between 1 and 30 keV. The electron gun usually consists
of a tungsten or lanthanum hexaboride (LaBs) filament, as shown in Figure
3.6, however field emission guns (FEGS) are becoming increasingly necessary
for imaging nanostructures at high resolution. The lower voltages can be
used with high-brightness LaBs and FEG sources and they are often
employed to increase surface detail and obviate sample charging in non-

conducting or poorly conducting samples.
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Figure 3.6 Images of an electron gun and a LaBs filament (Yoshimura 2007).

Usually, two or more condenser lenses are used to demagnify the
crossover produced by the gun, while the objective lens focuses the electron
probe onto the specimen so that the final probe diameter lies between 2 and
10 nm. The objective aperture limits the angular spread, «, of the electrons.
The focused beam is scanned across the specimen surface in a two-
dimensional raster, with the beam passing through the optic axis at the
objective lens; meanwhile, an appropriate detector monitors the secondary

electrons or other signal, such as backscattered electrons or X-rays, as they
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are emitted from each point on the surface. Simultaneously, using the same

scan generator, a beam is scanned across the recording monitor.

The intensity of each pixel on the monitor is controlled by the amplified
output of the selected detector and is corresponding point on the specimen
surface. The magnification is simply the ratio of the monitor raster size to
the specimen raster size and, as in field ion microscopy, it involves no lens.

Simple diagram of the SEM is shown in Figure 3.7.

Finally, to determine the elemental composition of the
nanocomposites, they were examined by the energy dispersion X-ray
analyser (EDX) that is attached to the FESEM instrument mentioned above.
The analysis of EDX is based on the emission of an X-ray. An X-ray is
emitted when an electron from an outer shell of an atom (e.g. the 2s shell)
lowers its energy to fill the hole in a lower shell (e.g. the 1s shell). The
detected signals are displayed as a spectrum of X-rays intensities versus
their energies. The energies of the characteristic X-rays allow the elements
making up the sample to be identified, while the intensities of the
characteristic X-ray peaks allow the concentrations of the elements to be

quantified (Razeghi 2009).
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Figure 3.7 Schematic diagram of the layout of a scanning electron

microscope (Kelsall, Hamley et al. 2006).

In this study, all the powder samples were characterized by field
emission scanning electron microscopy (FESEM) from FEI, Quanta 400
SE/SEM. This instrument is coupled with energy dispersive X-ray analyser

(EDX). After obtaining the results, the micrographs were analysed by
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observing the dispersibility of all samples. In addition, porosity and

agglomeration of the nanocomposites were also investigated.

3.4.3 Transmission Electron Microscope

A tool that effectively employed for imaging the internal microstructure
of ultrathin specimens is transmission electron microscope. The electron gun
is usually thermionic tungsten or LaBe, however FEGs are becoming
increasingly common. The accelerating voltage is considerably higher than in
an SEM and is typically 100-400 kV, although a number of specialist high-
voltage instruments are designed to operate at 1 MV and above. The
benefits of high voltage include increased imaging resolution, due to the
decreased electron wavelength, and also increased penetration and thus the
ability to study thicker samples. The scanned images are able to

differentiate between solid and hollow sphere, as shown in Figure 3.8.
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Figure 3.8 Differentiating between a solid ball (A, B) and a hollow sphere (C) in

a transmission electron microscope (Yang and Zeng 2004).

Two or more condenser lenses demagnify the probe to typically 1 mm
in diameter, although this can be reduced via use of a condenser-objective
nanoprobe system. The condenser excitation controls the beam diameter
and convergence. The first condenser (C1) controls the demagnification of
the crossover (the spot size), whilst the second condenser (C2) controls the
size and convergence of the probe at the specimen, and hence the area of

the sample under illumination.

The specimen must be no more than a few hundred nanometers in
thickness, and is usually in the form of a 3 mm diameter disc. The specimen

is located between the pole pieces of the objective lens. The combination of
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the objective lens and the projector lens system provides an overall
magnification of around 10°. The selected area diffraction (SAD) aperture
allows selection of a minimum samples are of ~0.1mm diameter for electron
diffraction. Smaller areas (down to a few nanometres in diameter) can be
selected using a focused probe rather than an aperture; this is convergent

bean electron diffraction (CBED).

TEM specimens are normally in the form of an ultrathin disc, prepared
by cutting, mechanical polishing or chemical dissolution, followed by
electropolishing (for conducting materials), chemical polishing (for
semiconductors and ceramics) or ion beam milling, including focused ion
beam (FIB) machining. Powder may be ground and dispersed onto an
amorphous support film on a 3.05 mm circular metal grid, as shown in Figure

3.9(a). Simple layout of an analytical TEM is shown in Figure 3.10.
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Figure 3.9 (a) Overhead Morphologies of a SACNT-grid. (a) A SEM full view

image of a SACNT-grid (the scale bar represents 1 mm length). (b) Image of
the SACNT gauze over the holes of the copper grid base (local magnification
of panel a). (¢) Image of the carbon nanotube gauze covering a hole showing
a network morphology (local magnification of panel b) (Zhang, Feng et al.

2008).

In the current study, high resolution transmission electron microscope
(TEM) from LEO 912AB was used for the characterization and particle size
analysis. It is also equipped with energy filter. For the characterization, TEM
sample was obtained from a suspension of nanocomposites and then was
sonicated before it was dispensed onto a 300-mesh carbon-coated copper
grid and then evaporated the solvent. At the point of obtaining the results,
each micrograph was analyzed to examine their degree of agglomeration.
Moreover, all the micrographs were also used to measure the average

particle size of the nanocomposites.
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Figure 3.10 Schematic diagram of a layout of an analytical transmission

electron microscope (Kelsall, Hamley et al. 2006).

101



3.4.4 Surface Area Analysis

When the size of a particle is getting smaller, its surface area will
become increasingly significant. It is therefore very important to know how
much of the material is exposed to the gas phase no matter whether it is
unsupported catalysts or support materials. This property is expressed by the
specific area, in units of m?-g™!, as shown in Figure 3.11. Typical supports
such as silica and alumina have specific areas on the order of 200 to 300
m?2-g~1, while active carbons may have specific areas of up to 1000 m?-g~! or
more. Unsupported catalysts have much lower surface area, typically in the

range of 1 to 50 m?-g~! (Niemantsverdriet 2007).

Specific Area Dispersion
A — Surface: A =6 a? (@ N Atoms in the particle
g Volume: V = a’ Ns Surface Atoms
Mass: M = pa3
Specific Area: Dispersion D = Ns/N
A/M = 6 a%/pa3 = 6/pa Expressed as:

e fraction0 <D <1
e percentage

Figure 3.11 Specific area and dispersion are important characteristic

properties of a supported catalyst (Niemantsverdriet 2007).
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Surface areas are determined by physisorption. The most common
procedure to determine surface area is to measure how much N; is adsorbed
onto a certain amount of material. The uptake is measured at a constant low
temperature, i.e., 80K, as a function of N, pressure, and is usually very well
described by the Brunauer-Emmett-Teller (BET) isotherm. After determining
the number of N, molecules that form a monolayer on the support, one
obtains the total area by setting the area of a single N> molecule to 0.16 nm?

(Niemantsverdriet 2007).

For particles on a support, dispersion is an important property and is
straight-forwardly defined as the fraction of atoms in a particle located at the
surface, as given in Figure 3.11. The dispersion is usually determined by
chemisorption of a gas that adsorbs only on the supported particles, and not
on the support. The most frequently used gas in the modelling of the
adsorption in pores is nitrogen, N,.It is due to the nonpolar of the nitrogen
molecules and it can be modelled as spherical shape. Moreover, the
adsorption data for nitrogen are easily accessible in the literature (Nguyen
and Do 1999). On the other hand, for metals, hydrogen or CO are the
obvious choices. It is necessary to adopt a certain stoichiometry for the
number of H-atoms or CO molecules that can be accommodated per surface
atom in the particle (this is usually taken as one CO or H-atom per metal

atom) (Niemantsverdriet 2007).
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The specific surface area for all sample powder was determined by
using the BET instrument using Micromeritics, ASAP 2020 V3.01 H. The
sample was degassed for 2 hrs at 250 °C prior to the N> adsorption analysis.
The results used in the analysis were BET specific surface area, pore size and
pore volume. The results will provide better understanding on the

photocatalytic capability of the nanocomposites.

3.5 Photocatalytic Performance Investigation

3.5.1 Photodegradation Measurement

The photocatalytic experiments were conducted to investigate the
photodegradation of organic compounds in aqueous suspension system.
After the UV light irradiation for a certain time interval, each sample was
applied with magnetic field (or by centrifugation for raw powders) to separate
the suspensions of the photocatalyst nanoparticles from the dye solution.
The concentration of the dye was measured by UV-vis spectrophotometer
using Cary 50 (Varian) detector with a scan rate of 120 nm/min in the range

of 200 nm to 800 nm.

The photodegradation of sample dyes were analysed with the UV-vis
spectrophotometer to determine the absorbance (A) of the dyes after each

irradiation. The Beer-Lambert law governs the absorption of monochromatic
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light that connects the decrease in intensity of the light with the optical path
and the concentration of the absorbing species by an exponential equation

(Kelsall, Hamley et al. 2006):

I =1,exp &C [3.3]

where

I is the intensity of the monochromatic light after it passed through a cell of
length I, containing a solution of concentration C of the absorbing species.

I, is the incident light intensity; and

¢is the absorptivity, a constant characteristic of the absorbing material.

Transmission is probably one of the common forms that is generally

used for high surface area samples and thin films due to little radiation is

absorbed by a single monolayer. In the mode of transmission, the amount of

absorbed radiation is characterized in terms of the transmittance given by

(Kelsall, Hamley et al. 2006):

T =1/, [3.4]

or, the absorbance given by:

A=-logT [3.5]
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In the condition where reflection and scattering are negligible, the

transmittance is given by:

T = 1079C = exp(-ai) [3.6]

where the absorption coefficient, «, is related to the absorptivity and

concentration by:

a = In 10 [3.7]

Therefore, the absorbance of a solution is directly proportional to the
concentration of the compound in the solution and the path length (Kelsall,

Hamley et al. 2006):

A = &C [3.8]

where

A is the absorbance (no units);

€ is the molar absorptivity (L mol-tcm™);

[ is the path length of the sample solution in the cuvette (cm);

C is the concentration of the compound in the solution (mol L™1).

The rate of degradation was studied in terms of changes of the

absorption maximum at their absorption peak. Different organic materials
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have specific absorption peak. In order to produce the absorbance
calibration curve of the dye solution used as according to Beer-Lambert law,
eight (8) aqueous solutions of different concentrations of the dyes were

prepared, in the range of 2 - 16 ppm, as shown in Figure 3.12 for MB.

Figure 3.12 Eight different concentration of the MB dye solutions in vials.

It is very obvious that with increasing concentration, the color of the
dye solution turns darker when under visual inspection, which subsequently
will increase the light absorption significantly. The UV vis absorption spectra

of the dyes were measured and the results is shown in Figure 3.13.
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Figure 3.13 UV vis absorption spectra for different concentrations of MB dye

solutions.

By taking the value of each dyes’ absorbance at their maximum
absorbance, the graph of the dyes absorbance versus their individual
concentration were plot, as shown in Figure 3.14. The graph shows a
straight line (R? = 0.9823) and passing through the origin, which indicate
good linear relationship between the absorbance and the concentration of the

dyes, for concentration in the range of 2 - 16 ppm.
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Figure 3.14 The dyes absorbance versus their concentrations.

With the above confirmation that the absorbance (A) of the dyes is
directly proportional to its concentration (C), therefore, the following
equation is valid to be used to calculate the photodegradation efficiency of
the dyes. The percentage degradation was calculated from the initial and

final absorption of the UV-vis experiments as follows:

% Degradation=cgc—:CXIOO: A"A:AXlOO [3.9]

where
Co and C are the initial and post-irradiation concentration of the dye,

respectively;
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A, and A are the initial and post-irradiation absorbance of the dye,

respectively, as measured by the UV-vis spectrophotometer.

The degradation rate was studied by observing the changes of the
absorption maximum of the particular organic dye. The monitored
wavelength was 665 nm for MB, 435 nm for PR and 465 nm for MO. MB is
used as the model organic dye in determining the optimum concentration
and substitution for photodegradation process, as well as the appropriate

sintering temperature to form the magnetic nanophotocatalyst material.

3.5.2 Photocatalysis Kinetics Analysis

There are few factors affecting the photocatalytic reaction rate and
efficiency of photocatalytic processes, one of which is the adsorption of the
substrate onto the surface of the catalyst. In the reactions, the organic
contaminant is oxidized by the reactive oxygen species such as the hydroxyl
*‘OH and superoxide O;*" radicals or by the photo-generated holes (h*)
formed on the surface of the catalyst. The prerequisite mechanism for an
efficient oxidation requires that the contaminant absorbs on the catalyst
surface. The absorption and desorption process is characterized by the
transfer of the reactants in the aqueous phase to the surface; adsorption of

the reactants; reaction in the adsorbed phase; desorption of the products;
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and removal of the products from the interface region (Dalrymple, Yeh et al.

2007).

Generally, researchers describe the adsorption and desorption process
and reaction rate constant based on the associated Langmuir-Hinshelwood

(L-H) model, which is represented as follows (Dalrymple, Yeh et al. 2007):

r=—4c = k(£ ) [3.10]

where r is the rate of photooxidation, k is the reaction rate constant, C is the
concentration and K is the adsorption coefficient. The applicability of the
equation depends on several assumptions, which include (i) the reaction
system is in dynamic equilibrium; (ii) the reaction is surface mediated; (iii)
the competition for the photocatalyst active surface sites by the
intermediates and other reactive oxygen species is not limiting (Chong, Jin et
al. 2010). When the organic contaminant concentration is very low,
generally at mM (C « 1), an apparent first-order rate constant could be

expressed as follows:
r=-4€=k.C [3.11]

where k- (min~!) is the apparent first-order photocatalytic reaction rate

constant. By some rearrangement and simple integration on equation (Eq.
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3.11) yields the typical pseudo-first-order model that can be expressed as

follows:

C(r)y=C, e [3.12]

Ine =kt [3.13]

This rate constant is often determined by observing the relative aqueous
concentration changes of the contaminant, as in equation (Eq. 3.9), as a

function of time during experiments, that is In(Co/C) versus t.
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CHAPTER 4

Characterization of Zinc Oxide, Titanium Dioxide and Iron (II,III)

Oxide Photocatalysts and Degradation Study of Three Organic Dyes
(MB, PR & MO)

4.1 Introduction

In general, metal oxides can take a variety of structural geometries
together with an electronic structure that can exhibit different characteristics,
such as metallic, semiconductor and insulator. Therefore, they have
emerged as a very important substance and contribute in many areas of
physics, chemistry and materials science (Amini and Ashrafi 2016).
Recently, metal oxides have gained enormous interest in heterogeneous
photocatalysis due to its emerging applications toward environmental
remediation and organic synthesis (Amini and Ashrafi 2016). Many
researchers attempted to study photocatalytic activity of different metal
oxides like SnO;, Zn0O, ZrO;, Ce0., WOs, TiO2, In,0s, etc. (Talebian and
Nilforoushan 2010, Leghari, Sajjad et al. 2011, Wang, Zhai et al. 2013,

Faisal, Ibrahim et al. 2015).

Both ZnO and TiO; have been extensively used as photocatalyst which
have become a promising environmental remediation technology, water

photoelectrolysis and dye-sensitized solar cells, due to their low cost,
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environmental friendly, nontoxicity, high chemical stability and excellent

degradation for organic pollutants (Amini and Ashrafi 2016).

On the other hand, little is known about the use of iron oxide as a
photocatalyst although there has been extensive investigation for the
possible use in photoelectrolysis cells (Iwanski, Curran et al. 1981).
However, in recent years many of the iron oxide nanoparticles have been
synthesized and extensively investigated (Casbeer, Sharma et al. 2012, El
Ghandoor, Zidan et al. 2012). Although there are numerous conditions
determining the effectiveness of this magnetic nanoparticles in wastewater
treatment system, there are a number of studies have demonstrated the
success of Fes304 nanoparticles on the removal of heavy metals from
contaminated water (Hou, Tian et al. 2015, Kim, Woo et al. 2016). Besides,
this magnetic nanoparticle also showed a sustainable treatment process
through reusing and still regaining the removal capacity in few treatment

cycles (Chiu, Khiew et al. 2010, Wang, Yang et al. 2016).

In the present study, the photodegradation of the three type of dyes,
namely methylene blue (MB), phenol red (PR) and methyl orange (MO) were
investigated and the most optimum amount of loading for the three metal
oxides, ZnO, TiO; and Fesz04 nanoparticles photocatalysts, were evaluated.
These dyes were chosen as the organic compound since they are complex
organic substances which contain a significant amount of various functional

groups and are well dissolved in water.
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MB consists of dark green crystals or crystalline powder and has a
bronze-like luster. Solution of MB in water or alcohol gives a deep blue color.
MB dye is easy to monitor by simple techniques such as UV-visible
spectroscopy at its maximum absorption wavelength (Nogueira, Castro et al.
2014), with its four main peaks at 665, 614, 293 and 247 nm (Kuan and
Chan 2012). Besides, MB is one of the high consuming materials in the dye
industry, as well as in environmental sciences to study the suitability of
various materials for wastewater discoloration (Reza, Kurny et al. 2015). On
the other hand, MB is used as a bacteriological stain and as an indicator. It
inhibits Guanylate Cyclase, and has been used to treat cyanide poisoning and

to lower levels of Methemoglobin.

On the other hand, PR is a weak organic acid and is a typical reversible
pH-sensitive dye. It is used as red dye, pH indicator and diagnostic aid for
determination of renal function. In addition, it is also applied in the studies of
the gastrointestinal and other biological systems (Sochacka 2015). Finally,
MO is a typical azo dye and generally used in the textile industry. It is very
stable and is commonly used as the probe for evaluating photocatalysts, with
its absorption maximum wavelength, Amax, at 466.5 nm (Hakamada,
Hirashima et al. 2012). Besides, it is also used for the detection,
identification, analysis of chemical, biological, or pathologic processes or
conditions. It is also used in a chemical titration that is on the passage

between acidity and alkalinity. The ZnO, TiO, and FesOs nanoparticles

115



photocatalysts were used in the investigation of the effects of different

operational parameters on the decomposition of these dyes.

4.2 Experimental Results

4.2.1 X-ray Deffractometry (XRD)

Figure 4.1 shows the XRD characterization for ZnO, TiO, and Fez04
nanoparticles. All these nanoparticles were used without any further
treatment. As shown in Figure 4.1(i), through the 26 values, for ZnO
nanoparticles, the diffraction peaks which appeared at 31.79°, 34.44°,
36.27°, 47.54°, 56.65°, 62.90°, 66.38°, 67.95° and 69.10° reveal the
diffraction planes (100), (002), (101), (102), (110), (103), (200), (112) and
(201), respectively. These peaks are consistent with the database in JCPDS
file (#79-0208), which are the standard peaks of the ZnO planes with a
hexagonal wurtzite crystal structure (SG: P6:mc) (Saravanan, Mansoob Khan
et al. 2015). The diffraction pattern also indicates high purity of the
nanopowder as there was no other impurity peaks are observed. The XRD
pattern shows fine broadening of peaks that indicating ultrafine nature of the

crystallites powder.

For the TiO2 nanoparticles XRD characterization, as shown in Figure

4.1(ii), the diffraction maximum appeared at 25.27°, 36.94°, 37.74°, 38.56°,
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47.99°, 53.84°, 55.03°, 62.65°, 68.70°, 70.23° and 75.00° correspond to the
(101), (103), (004), (112), (200), (105), (211), (118), (116), (220) and
(215) diffraction planes, respectively. These 26 values match the
characteristic pattern of pure anatase phase of TiO; tetragonal structure (SG:
I4/.md), with no other crystalline byproducts, in agreement with the

literatures JCPDS file #21-1272 (Adachi, Jiu et al. 2008, Liu, Chu et al.
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Figure 4.1: X-ray diffraction pattern of (i) ZnO, (ii) TiO2 and (iii) FesO4

nanoparticle photocatalysts.

117



The XRD characterization for Fe3O4 nanoparticles shows the diffraction
peaks at 30.20°, 35.56°, 43.22° 53.63°, 57.13° and 62.75° in
correspondence to the diffraction planes (220), (311), (400), (422), (511)
and (440), respectively. It can be seen that the diffraction peaks conform to
the Fes04 crystal of cubic spinel structure, consistent with literature JCPDS

file #19-0629 (Wu, Shen et al. 2011).

It could also be learnt that the relatively wide half-peak breadth
indicated a smaller crystalline size. These results, especially its purity, could
be supported by the EDX analysis, which were discussed in section 4.2.5. On
top of that, the average crystallite size of the samples also can be evaluated
from Scherrer equation (Eq. 3.2). The average crystalline size of the ZnO,
TiO2 and Fe304 oxides are (91 £ 12) nm, (117 £ 16) nm, and (62.1 £ 5.7)

nm, respectively, as indicated in Table 4.1.
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Table 4.1: Crystallite size for different peaks and average crystallite size for

ZnO, TiO2 and Fe304 nanoparticles.

Sample Peak Crystallite Size | Average Crystallite
(nm) Size (nm)
ZnO (100) 108.2 91.1 £ 12.0
(002) 108.9
(101) 91.26
(102) 142.1
(110) 73.87
(103) 50.83
(112) 62.74
TiO> (101) 106.6 117.4 + 16.0
(004) 78.56
(200) 142.4
(105) 145.9
(211) 146.6
(118) 60.91
Fes04 (220) 80.83 62.12 = 5.70
(311) 65.57
(400) 67.15
(422) 43.72
(511) 50.78
(440) 52.24
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4.2.2 Field Emission Scanning Electron Microscopy (FESEM)

Figure 4.2 shows the FESEM photos for morphologies of ZnO, TiO; and
Fes04 nanoparticles. All the three samples show no aggregation with a well
disperse nanoparticle, and fairly homogeneous in size for TiO, and Fesz0a,
while for ZnO nanoparticles with a slightly wider range of size distribution.
The dimension of ZnO nanoparticles range from 48 to 778 nm and they are
in irregular shapes with an average particle size of (166.8 £ 9.4) nm. The
SEM analysis for ZnO was similar to the study by Yassitepe et al. (2008),
which the ZnO nanoparticles on plates that were sintered at 700 °C also
showed irregular shapes and highly porous structure, while produced a
relatively high surface area (Yassitepe, Yatmaz et al. 2008). The BET result
for this ZnO plates was also quite similar to this study, as provided in section

4.2.4 (Table 4.2).

For the TiO., nanoparticles, they were spherical in shape. The size
distribution and shape were quite uniform and well disperse. The spherical
TiO2 nanoparticles has a diameter in between 32 and 175 nm, with an
average particle size of (80.2 £ 1.7) nm. The morphology for the Fez04
nanoparticles was quite similar to the TiO> nanoparticles with generally
spherical in shape. However, the diameter of the Fe;Os nanoparticles was
slightly larger than TiO; nanoparticles with the size range from 16 to 190 nm,

with an average particle size of (64.5 £ 2.3) nm.
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Figure 4.2: FESEM picture of (A) ZnO, (B) TiO: and (C) FesOa

nanopowder photocatalysts.
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4.2.3 Transmission Electron Microscopy (TEM)

TEM images in Figure 4.3 show the micrograph images of ZnO, TiO;
and Fes04 nanoparticles. The photo indicates that the metal oxide was well
dispersed. The ZnO nanoparticles were irregular in shape with spherical to
rod-like, as well as particle in blocks. It shows a wide particle size
distribution with an average particle size of (93.2 £ 4.6) nm. The details for
the size distribution could be referred to the size distribution histogram,
shown in Figure 4.4(A), which was obtained from the direct measurement
from the transmission electron microscopy images. The average particle size

was in approximate agreement with the crystallite size obtained from XRD.

The micrograph of TiO; nanoparticles (Figure 4.3(B)) shows that the
metal oxide particles were generally spherical with few rod-like shape and
fairly monodispersed. The particle size distribution was quite narrow as
compared to the other two nanoparticles, as shown in Figure 4.4(B), with an
average particle size of (80.0 £ 3.9) nm. Figure 4.3(C) indicates the TEM
characterization for the Fesz04 nanoparticles. The captured image showed
that the oxide was uniformly dispersed throughout with the particles were
globular in shape and quite evenly distributed in size. The average particle
size is (64.0 £ 4.6) nm, as measured directly from the micrograph with the
histogram shown in Figure 4.4(C). This result was also in approximate
agreement with the XRD result. These Fesz04 nanoparticles are slightly better

than the magnetite nanoparticles reported by Nogueira et al. (2014), where
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their TEM micrographs showed the nanoparticles were quite agglomerated.

This would decrease the surface area and could affect the degradation

capability of the nanoparticles (Nogueira, Castro et al. 2014).

Figure 4;3: TEM picture of (A) ZnO, (B) TiO2 and (C) Fes3O4 nanoparticle

photocatalysts.
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Figure 4.4: Particle size distribution histogram for (A) ZnO, (B) TiO; and (C)

Fes04 nanoparticles.
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4.2.4 Brunauer-Emmett-Teller Surface Area Analysis (BET)

The BET measurement for ZnO, TiO> and Fes30s4 nanoparticles was
given in Table 4.2. The BET surface area for ZnO, TiO, and Fes:04 were
2.406, 6.795 and 12.458 m?/g, respectively. The average pore size for ZnO
was smaller than TiO; but larger than Fes04, which is 15.941 nm, whereas for

TiO2 and Fe304 were 22.699 and 12.785 nm, respectively.

The measurement of pore volume for TiO, and FesOs showed quite
similar values, which were 0.03856 and 0.03982 cm?3/g, respectively.
However, pore volume for ZnO was very much smaller as compared to other
oxides, which recorded a value of merely 0.009590 cm3/g. The results
clearly show that ZnO nanoparticles were having smaller surface area and
pore volume if compared to the TiO, photocatalyst, which might impact its
photodegradation capability. A report by Hakamada and his co-researchers
on nanoporous metals showed that nanoporous Au exhibits effective catalytic
degradation on methyl orange (MO) solution as compared to its counterpart,
bulk Au which does not. They also show other nanoporous metals such as Pd
and Ni which also exhibit the catalytic degradation properties (Hakamada,

Hirashima et al. 2012).
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Table 4.2: BET data for ZnO, TiO. and Fe304 nanoparticles

Measurement Properties ZnO TiO2 Fe304

BET Surface Area (m?/q) 2.406 6.795 12.458
Pore Volume (cm3/g) 0.009720 0.04519 0.04367

Average Pore Size (nm) 16.156 26.606 14.023

4.2.5 Energy Dispersive X-ray Spectroscopy (EDX)

Figure 4.5 shows the EDX spectrum for the ZnO, TiO. and Fez04
nanoparticle photocatalysts. The atomic fraction of each materials elements,
Zn0O, TiOz and Fe304, were in close agreement with their chemical formulae,
with the values (1:1.12), (1:2.96) and (1:1.52), respectively. The presence
of each element for each respective spectrums strengthen the arguments on
the purities of these nanoparticles (Hafez, Lan et al. 2010). The element C
comes from the carbon tape that holding each nanoparticles, which was also
reported in other study. The related EDX data is listed in Table 4.3.
Together with the XRD analysis, it conforms that the samples are pure, single

phase and nanocrystalline in nature.
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TiO; and (C) Fes04 nanoparticles.

Energy dispersive X-ray spectroscopy (EDX) for (A) ZnO, (B)
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Table 4.3: EDX data of ZnO, TiO. and Fe3z04 nanoparticles

Weight
Atomic
Sample Element percentage
percentage (At%)
(wt%)
C 4.88 14.35
@) 20.51 45.31
Zn0O
Zn 74.61 40.34
Total 100.00 100.00
C 2.36 4.62
0 48.52 71.28
TiO>
Ti 49.12 24.10
Total 100.00 100.00
C 3.92 9.35
0 32.26 57.86
Fes0a4
Fe 63.82 32.79
Total 100.00 100.00
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4.2.6 Photocatalytic Analysis using UV Visible Spectrophotoscopy (UV Vis)

4.2.6.1 Photodecomposition study on the organic dye solution without

the presence of photocatalytic material

Some organic dyes are very photostable and difficult to undergo
photodecomposition even being irradiated with UV light for a long time, while
certain dyes are self-degrading when exposed to direct UV light for a short
period of time, without the presence of catalyst (Mekasuwandumrong,
Pawinrat et al. 2010). Therefore, blank experiments were carried out to
observe the effect of self-degradability of dyes under UV light in the absence
of catalyst. The first blank experiment was conducted on the MB dye. The
concentration of MB used for this observation was 12.0 ppm with solution
volume of 3.0 ml. The sample was immediately measured with the UV-vis
spectra to obtain the spectrum before being irradiated with UV light. The
analysis was then continued for 60 minutes irradiation with 10 minutes
irradiation for each interval. As shown in Figure 4.6, the UV-vis spectra
measurement showed a gradual decrease as MB was irradiated with the UV
light. The decreasing of the absorption peaks, which were observed at 665
nm, indicates that the organic compound in MB has been gradually degraded.
The photodecomposition results clearly indicate that MB has gone through
the photolysis or photodegrade when exposed to UV light, but very weak and
insignificant. MB is a heterocyclic aromatic chemical compound, a model of

thiazin dyes. It contains auxochromic alkylamine groups which plays an
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important role in photocatalytic degradation. N-demethylation of MB occurs
when part of the methyl groups degrade and hypsochromic shift occurs.
Besides, the photolysis is very weak due to benzene ring and
heteropolyaromatic linkage. (Tayade, Natarajan et al. 2009, Zuo, Du et al.

2014, Dariani, Esmaeili et al. 2016).

In addition, the blank observations were also being conducted on
different concentration of MB which was also measured at absorption peak of
665 nm, as can be seen in Figure 4.7. From the graphs, it showed that
although the concentration of the MB solutions were different, the
degradation process that took place were all very minimal, as more than
70% of the organic dye still can be detected even after 60 minutes of intense
UV irradiation. This indicates that MB is not able to go through photolysis
and will harm the environment if release into the stream. Therefore, it
requires additional treatment to completely decompose its organic compound

before release into the river.
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Figure 4.6: Time variation of UV-vis absorption spectra of 12.0 ppm MB

without photocatalyst under UV irradiation.
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Figure 4.7: Time variation of UV-vis absorption spectra of different

concentration of MB without photocatalyst under UV irradiation.
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Similar investigation was conducted on phenol red (PR) solutions, with
initial concentration of 48.0 ppm, without the presence of catalyst under
direct illumination of UV light. This initial concentration was chosen since it
provides the stable and optimum absorbance value. It was also irradiated in
10 minutes interval for 70 minutes to observe any degradation that might
take place. However, as can be seen in Figure 4.8, there were insignificant
changes observed for the duration of 70 minutes. Similar results were
obtained for different concentration of PR solutions which was also measured
at absorption peak of 435 nm, as shown in Figure 4.9, with no significant
decrease in absorption maximum of the UV spectra could be observed. This
shows that the organic compound in the PR solution is very photostable and
difficult to undergo self-destruction mechanism even under intense UV light
irradiation. This is supported by the previous study where PR that is mixed
with Lauryl Sulfate Broth was found hard to be degraded under photo-
irradiation if compared to other type of dyes (Rendina 1971). In solution, PR
exists as a zwitterion structure and in polar form, with the sulfate group
negatively charged and the ketone group carrying an additional proton.
Therefore, it is quite photostable since it could accommodate itself by losing

its proton when the pH solution increases.

132



) Min

1.8
A‘l/ 70 min — 10min

1.6 -
I — 20 min
14 ——30min

\
12 I \ 40min
I \ S0-min
[\
\

0.8 A

R VAN
. \

200 300 400 500 500 700 800

— 60 min

Absorbance

— 70 min

Wavelength (nm)

Figure 4.8: Time variation of UV-vis absorption spectra of 48.0 ppm PR

without photocatalyst under UV irradiation.

2.5
l ¢ ’\‘_—._‘F——Q
2
[ i | i i i |
815
g
2 ——064.0 ppm
g Ak 2 h———ir = PP
'& 1 == 48.0 ppm
=320 ppm
0.5
0 T T T T T 1
0 10 20 30 40 50 60
Irradiation time (min)

Figure 4.9: Time variation of UV-vis absorption spectra of different

concentration of PR without photocatalyst under UV irradiation.

133



Similar investigation was conducted on the 32.0 ppm methyl orange
(MO) solution by irradiating the sample under the UV light, together with the
sample without the presence of the catalyst. The sample was irradiated for
60 minutes with 10 minutes interval to observe the photodegradation
process. As can be observed in Figure 4.10, there were totally no
degradation took place, even with different concentrations which was also
measured at absorption peak of 465 nm, as shown in Figure 4.11. This
showed that MO dye has a very photostable chemical structure, mainly due
to its azo group (-N=N-). On the other hand, there is a report by Hakamada
and his co-researchers, when they immersed the photocatalyst in the MO
solution and placed them in the dark, no degradation has taken place

(Hakamada, Hirashima et al. 2012).
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4.2.6.2 Effect of Photocatalyst Loading

There have been many studies being focused on the effects of
photocatalyst loading on the photocatalytic degradation of organic dyes in
wastewaters (Sugiyana, Handajani et al. 2014, Regulska, Brus et al. 2016).
The metal oxides photocatalyst materials that are used in the current study
are Zn0O, TiO; and Fes04 nanoparticles. The sample dye used to determine
the optimum value of loading for each photocatalyst was MB, with
concentration of 12.0 ppm. The photocatalyst loading was varied from 0.50
to 3.50 wt% with an increment of 0.50 wt%, in order to study the

photodegradation kinetic of the MB solutions.

Figure 4.12 shows the percentage degradation of 12.0 ppm MB with
various loading of ZnO nanoparticles. Solution without ZnO photocatalyst
showed quite slow degradation, with a linear like photodegradation with
slightly more than 20% in 30 minutes irradiation, in agreement with the
absorbance results shown in Figure 4.7. On the other hand, solutions with
ZnO photocatalyst appeared to be significantly degraded with more than
60% degradation in just 10 minutes for all contents of catalyst loadings. The
percentage of degradation also increased with the amount of catalyst added.
These differences can be attributed to more catalyst surface area and photon
light absorption that reached the surface of the catalyst (Yassitepe, Yatmaz
et al. 2008). For the duration of 30 minutes, MB was degraded to more than

90% by the photocatalysts with all loadings. This shows that ZnO
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nanoparticles is a very reactive photocatalytic material with superior

photodecomposition capability (Behnajady, Modirshahla et al. 2006).
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Figure 4.12: Percentage degradation of MB (12.0 ppm) with different loading

of ZnO photocatalyst.

The photodegradation efficiency on the MB dye for the TiO;
photocatalyst also shows similar results. Solution without the TiO;
photocatalyst only shows a small percentage of degradation at the end of 60
minutes, just merely more than 20%, as shown in Figure 4.13. However,
with the addition of TiO, photocatalyst, the degradation was significantly
increased. In just 20 minutes, all dye solutions with different amount of TiO;
loading were able to reach more than 50% of degradation and this value
further increased to 90% after 60 minutes of UV irradiation. The significant

enhancement of the degradation rate could be explained by the presence of
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photocatalytic material that can induce the photodecomposition process at
the surface of the material. Photocatalyst surface is the center for the
production of hydroxyl radicals which can significantly decompose the organic

dye (El-Kemary, EI-Shamy et al. 2010).
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Figure 4.13: Percentage degradation of MB (12.0 ppm) with different loading

of TiO, photocatalyst.

Similar experiment was conducted on the MB dye solution using iron
oxide, Fe3O4 as the photocatalytic material. This photocatalyst material did
not show any photocatalytic capability if compared to the other two
photocatalysts. As can be seen in Figure 4.14, the photodegradation of all
the solutions with the Fesz0s4 photocatalyst were lower than the solution
without the catalyst. Although the absorbance graph shows a gradual
decreased for all photocatalyst loadings, however, the decreasing of the
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absorbance values are believed to be caused by self-decomposition of the
dye. This could be explained that the FesOs photocatalyst is not a good
photocatalyst as compared to ZnO and TiO2 nanoparticles. As reported by
Singh and his co-researchers (2013), the degradation of MB was negligible
under the UV irradiation in the absence of photocatalyst, as well as in the
presence of FesO4 (Singh, Barick et al. 2013). There is also a report on its
counterpart (Fe;03) that also exhibit negligible photocatalytic activity
(Kormann, Bahnemann et al. 1989). Nonetheless, Fes04 nanoparticles was
generally used as a composite material with other photocatalyst materials,
such as ZnO, TiO; etc., due to its magnetic capabilities (Singh, Barick et al.

2013).
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Figure 4.14: Absorbance and Percentage degradation of MB (12.0 ppm) with

different loading of Fesz04 photocatalyst.

In obtaining better pictures on the optimum amount of each catalysts

loading in the photodegradation processes of the MB solutions above, the
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kinetics studies were performed. First-order kinetics study could easily
convey the information of rate of the organic substance being degraded (Xie,
Wang et al. 2011). The first-order kinetics results for the ZnO photocatalyst
can be observed in Figure 4.15. It is obvious that the degradation rate was
lowest for solution without catalyst, at 0.0080 min~!. The degradation rate
immediately improved with the addition of the ZnO photocatalyst, as the
catalyst provides active radicals as well as interaction sites on its surface
(Xu, Zhang et al. 2011). As the amount of catalyst increases, the
photodegradation rate was improved too, but only until certain limit. The
degradation rate increased until 2.5 wt% ,0.2221 min=!, of the catalyst
loading, but dropped slightly with 3.0 wt%, 0.2180 min~!, and further
decreased when the catalyst loading was 3.5 wt%, 0.1856 min~!. These
could be explained that with the increase of the photocatalyst loading, the
number of active sites increases which allowed more organic substances as
well as active radicals to interact at the catalyst surfaces. However, when
the amount of catalyst loading was further increased beyond the optimum
level, i.e. 2.50 wt%, it will cause an adverse effect. The catalyst
nanoparticles will block the photon Ilight from reaching the other
photocatalyst (Velmurugan and Swaminathan 2011). Therefore, the highest
degradation rate only able to be achieved with the optimum amount of the

photocatalyst loading, that is for this study is 2.50 wt%.
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Figure 4.15: First-order kinetics on the effect of MB degradation with

different loading of ZnO photocatalyst.

For the TiO, photocatalyst, as seen in Figure 4.16, similar pattern of
degradation rate was observed as for the ZnO photocatalyst. The
degradation rate was lowest (0.0051 min~') when no catalyst was added and
the degradation rates increased significantly (0.0487 min~! for 0.50 wt%
loading) when the TiO, photocatalyst was present in the solutions. This could
be similarly explained due to the presence of the active sites on the TiO;
photocatalyst surfaces (Sher Shah, Park et al. 2012). The optimum loading
for TiO, photocatalyst was achieved at 3.0 wt% with a slight dropped in

photodegradation rate when the loading was increased to 3.5 wt%.
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Figure 4.16: First-order kinetics on the effect of MB degradation with

different loading of TiO, photocatalyst.

Figure 4.17 shows the first-order kinetics for the Fes;04 nanoparticles
photocatalyst. It is clearly seen that the highest degradation rate was the
solution without photocatalyst. It is very apparent that FesO4 nanoparticles
do not exhibit any interesting photocatalytic capability that able to enhance
the photodegradation process. In contrary, the presence of Fe304
nanoparticle with the organic dye solution shall distort the
photodecomposition process, as it might cause hindrances of the UV photon
to reach the organic dye molecule. At the same time, Fez04 nanoparticle can
serve as a competitor to absorb the photon energy which ultimately
undergoes internal phonon scattering and do not contribute in the

photodegradation process. This is in agreement with a report by Singh and
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his co-researchers on Fes0s which found that FeszOs4 nanoparticles has

insignificant photocatalytic capability (Singh, Barick et al. 2013).
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Figure 4.17: First-order kinetics on the effect of MB degradation with

different loading of Fesz04 photocatalyst.

All the details for the values of the kinetic constant, k and coefficient of
linear regression R? are shown in Table 4.3. From the table, it shows that
the optimum photocatalyst loading for the ZnO nanoparticle is 2.50 wt%,
whereas for TiO, and FeszO4 nanoparticles are similar, that is 3.00 wt%, with
their degradation rates of 0.2221, 0.1012 and 0.0040 min~!, respectively.
This could be resulted from the strong tendency for the TiO, and Fes;O.4
photocatalysts to agglomerate during operation, due to its small particle size,
followed by its large surface area to volume ratio and surface energy.
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Particles agglomeration will critically affect particles size sustainability,
surface area reduction and its reusable lifespan (Chong, Jin et al. 2010,

Nogueira, Castro et al. 2014).

From these results, it can be summarized that the degradation rate for
ZnO is the highest amongst all the three photocatalysts under the
investigated condition. This shows that ZnO is one of the best photocatalyst
material, which is consistent with the results reported in literature, that ZnO
perform better than TiO, on certain organic contaminants, and significantly

better than Fes04 material (Bansal and Sud 2011).

Figure 4.18, 4.19, and 4.20 show the exact value of the Kkinetic
constant for the degradation of 12.0 ppm MB by ZnO, TiO;, and Fes304
photocatalysts, respectively. These figures provide informative value on the
optimum amount of loading that is required to photodegrade organic MB dye

solution.
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Fes04 photocatalyst.

4.2.6.3 Effect of Initial Dye Concentration

Dyes at different concentration contain different amount of organic
chemicals in the compound. Therefore, the degradation rate will be much
depends on the response of the organic chemicals compound in the solutions
to the UV light irradiation. In investigating this effect, the samples of dyes
used were methylene blue (MB), phenol red (PR) and methyl orange (MO).
Before the degradation experiments were conducted, different concentrations

of solutions (MB, PR and MO) were prepared to determine the relationship
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between the absorbance and concentration by wusing the UV-vis

spectrophotometer.

The absorbance versus wavelength for different concentration of MB,
PR and MO solutions are shown in Figure 3.12, 4.21 and 4.23, respectively.
Absorption maxima for MB, PR and MO are at 665, 435 and 465 nm,
respectively. It can be seen that with the increased of the dye concentration,
the absorbance value of the peak increases. This could be explained due to
the increasing amount of the organic chemicals substance that present in
these dye solutions, thus more photons were being absorbed (Collard, El Hajj
et al. 2014). By using these results, absorbance value for absorption
maxima for each concentration was recorded and the absorbance versus
concentration for all dyes, MB, PR and MO were drawn, as seen in Figure
3.13, 4.22 and 4.24, respectively. All figures show good linearity between
absorbance and concentration with high correlation coefficient of 0.9823 for
MB, 0.9968 for PR and 0.9939 for MO dye. This was in agreement with the
Beer's Law, equation (3.2), which states that the absorbance is linearly

correlated with the concentration of the solution.
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First, the study of photodegradation on the MB dye will be discussed.
The concentration of the MB was ranging from 2.00 to 12.0 ppm. The
catalyst loading used for the following experiments is adopted from the
optimum catalyst loading obtained from section 4.2.6.2. The photocatalyst

loading for ZnO, TiO; and Fes04 were 2.5, 3.0 and 3.0 wt% respectively.

From Figure 4.25, it can be seen that the MB dye decomposition is
accelerated by the presence of ZnO and TiO, photocatalyst, except the Fe304
nanoparticles. For only 10 minutes, ZnO has been able to decomposed 85.7
to 100% of MB for 12.0 ppm to 2.00 ppm concentration, respectively. All
solutions were totally degraded in just 20 minutes of irradiation duration.
This shows that the 2ZnO photocatalyst is an active photocatalytic
nanoparticles. On the other hand, it also indicates that for all the
concentrations used for MB dye, there were still sufficient sites for the dye
molecules to be adsorbed on the ZnO nanoparticles for the photocatalytic
process to take place. In another word, there is a limitation for the amount
of dye being adsorbed due to the effect of molecular diffusivity. The dye
molecules can diffuse faster if diffusivity is higher, which relates to the
available sites on the photocatalyst surface; subsequently the fraction
adsorbed with diffusivity will reach a plateau. The plateau indicates that the
organic molecules have fully penetrated on the photocatalyst surface, thus
no more adsorption is possible (Gupta, Saurava et al. 2015). This condition
can be view more clearly for the decomposition of MB by the TiO;

nanoparticles. As can be seen from Figure 4.25, 54.9 to 92.1% of MB was
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degraded for 12.0 to 2.00 ppm concentration, respectively, in the 10 minutes
irradiation duration. This means that MB with 2.00 ppm concentration was
just optimum for all of its molecules to be adsorbed on the photocatalyst
surface, with the amount of the photocatalyst used. This is in agreement
with the report by Gupta et al. (2015) that there is also a limitation for the
photocatalyst loading (Gupta, Saurava et al. 2015). Therefore, as the
concentration further increases, it may compete for adsorption with the
intermediates formed during the photocatalytic degradation and
subsequently slow down the overall photocatalytic degradation process. In
addition, increases in concentration causes reduction in light penetration thus
resulted in a reduction of OHe radicals formation (Kanakaraju, Kockler et al.

2015).

As for the Fes04 photocatalyst, there was very little degradation took
place, especially for the higher concentration of the dyes, Figure 4.25. The
percentage degradation for 8.00 to 2.00 ppm concentration was 29.9 to
72.8%, respectively, as compared to the solution without photocatalyst with
24.9% degradation, for the 60 minutes irradiation duration. This was
expected since the Fes30s4 nanoparticles is not a promising photocatalytic
materials (Singh, Barick et al. 2013). The absorbance versus irradiation time
graph shows the gradual decreased of the MB dye with the presence of Fe304

nanoparticles.
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Figure 4.26 shows the rate of degradation, kinetic constant k, for all
the three photocatalysts materials. It clearly observed that the ZnO
photocatalyst shows the steepest slopes for all solutions as compared to
other photocatalysts, which are TiO, and Fe;0O4. This indicates that ZnO is an
outstanding photocatalyst as compared to its counter parts, TiO, and Fe304
nanoparticles. Although the amount of loading for ZnO is slightly less than
TiO, and Fes04 nanoparticles, it might be due to the ability of the ZnO
nanoparticles to absorb more light quanta than TiO, (Gupta, Saurava et al.

2015).
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Figure 4.26: First-order kinetics on the effect of initial concentration of MB

for ZnO, TiO; and Fes;04 photocatalyst.
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The kinetic constants values on MB dye for ZnO, TiO; and Fes30s4
photocatalysts was given in Figure 4.27. The values clearly show that the
kinetic constant are highest for the lowest dye concentration, and for the
photocatalyst is the ZnO nanoparticles. This is due to the availability of the
organic dye to be adsorbed onto the photocatalyst surface as well as the
opacity of the solutions that caused by the increase of the organic dye
concentration which inhibit similar amount of light photon to reach the
photocatalyst surface (Faisal, Ibrahim et al. 2015). The kinetic constant
values of ZnO, TiO2 and Fes04 photocatalysts are recorded as 1.2160 (R? =
1.0000), 0.2582 (R?> = 0.9929) and 0.0237 min! (R? = 0.9963),
respectively. These results indicate that all photocatalysts used were able to

photodegrade the MB dye but with different potential and capability.
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From Figure 4.28, it can be seen that the PR solution without the
photocatalyst has very little degradation for the entire duration of 60 minutes
irradiation, with only 2.0% decomposed after 60 minutes of UV irradiation.
However, for solutions with the presence of ZnO photocatalyst, more than
30% of organic contaminants have been degraded in just 10 minutes of
irradiation. The degradation process for all solutions took place gradually
and the PR solution with 8.00 ppm concentration was almost completely
(99.6%) degraded after the irradiation period of 30 minutes. The
degradation efficiency of the ZnO photocatalyst on PR was slowly decreased
as the concentration of the PR solutions increases, as a result of increased
photon adsorption competition as well as decrease of available reactive sites
for the photodecomposition process to occur. The large number of dye
molecules on the catalyst surface hinders the adsorption of OH™ ions for the
production of OHe radicals which is the main active reagent in the

photocatalytic mechanism (Yassitepe, Yatmaz et al. 2008).

Besides, according to the Beer-Lambert law, the path length of
photons entering the solution decreases as its concentration increased. In
other words, the path length that photons radiate through is inversely
proportional to the concentration of the solution (Beer’s Law equation). As a
consequence, the density of photons being absorbed on the photocatalyst
surface dropped significantly, therefore lowering the photocatalytic rates

(Faisal, Khan et al. 2012).
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There is also an instantaneous decomposition for the PR solutions with
TiO> photocatalyst, as shown in Figure 4.28. For the first 10 minutes,
solutions with 8.00 and 16.0 ppm concentration showed higher percentage of
degradation if compared to the other dye solutions with higher
concentrations. Low concentration of organic dye solution shall permit more
light photons to be absorbed by the photocatalyist, and hence higher
degradation rate is recorded. Additionally, low concentration of dye solution
shall have less competition for organic molecule-photon interaction, under
the same amount of photon influx. At the end of 60 minutes irradiation,
percentage degradation for the 8.00 and 48.0 ppm solutions were recorded

at 97.8 and 76.3%, respectively.

As for the FesO4 photocatalyst reactions on the PR solutions, no
significant changes could be observed from Figure 4.28. The percentage
degradation was very little and significant, with the highest degradation of
about 1.0%, as can be seen from the absorbance versus irradiation time
graph, the dropped of the absorbance values were very minute. This figure
shows insignificant changed in the absorbance for all solutions even after 60
minutes of irradiation duration. It shows that Fez04 photocatalyst has almost
negligible effect to catalyze the decomposition of the PR organic
contaminant, similar to many reported results previously (Singh, Barick et al.

2013).
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Percentage degradation with different concentration of PR for

ZnO, TiO2 and Fe304 photocatalyst.
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Figure 4.29 shows the first-order kinetic study of PR for ZnO, TiO; and
FesOs4 photocatalysts. The results clearly showed that higher degradation
rate was achieved for low concentration solutions, mainly 8.00 and 16.0 ppm
concentrations, which are 0.1782 min=! (R? = 0.9854) and 0.0948 min™! (R?
= 0.9959) for ZnO and 0.0658 min~! (R? = 0.9412) and 0.0517 min! (R? =
0.9911) for TiO, photocatalysts, respectively. Other concentrations are
shown in Figure 4.30. This clearly explained that with the small amount of
the organic contaminant, the added photocatalyst is very effective in
promoting photocatalytic decomposition in the system. In other words, the
organic contaminant still have ample space to be absorbed and interact on
the active site of the photocatalyst surface, therefore the degradation rate
was higher. However, when the concentration was higher, the degradation
rate gradually decreases due to the competition between the contaminant
with the hydroxyl ions to be absorbed on the active site of the photocatalyst
surface. In addition, when the amount of contaminant was higher, it will
have inhibitory effect on the photodegradation process due to the photons
interception before reaching the catalyst surface, decreasing the absorption

of photons by the catalyst (Gao, Jia et al. 2011).

On the other hand, in the dilute PR solutions, the increase of incidental
photonic flux irradiating the catalyst consequently increase the OHe radical
production rate thus allow higher rate of degradation (Han, Liao et al. 2012).

First-order kinetic graph for the FesOs photocatalyst shows that the lowest

161



concentration has higher degradation rate as discussed above. From the
figure, there was inconclusive degradation rate results could be obtained for
the 16.0 to 48.0 ppm concentrations of the PR dye, due to the

minimal/negligible photocatalytic effect of Fe30a.
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The absolute values for the kinetic constants for all the photocatalysts,
ZnO, TiO2 and Fe304, on the PR dye were given in Figure 4.30. From the
figure, it is very obvious that at the lowest organic dye concentration (8.00
ppm) highest degradation rate was achieved. From the result, it shows that
the degradation rates were decreased with the increase of the photocatalyst
concentration, for the ZnO and TiO, photocatalysts. It also showed that the
degradation rate for the FesOs photocatalyst was stagnant for all the
concentrations. This is well understood since FesO4 is not an effective
photocatalyst, as reported elsewhere (Singh, Barick et al. 2013). Generally,
the bar graphs show that the photodecomposition rate decreases with the
increased of the organic dye concentration, except for the Fes;04

photocatalyst that is inconclusive.
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Figure 4.30: Kinetic constant, k, on the effect of initial concentration of PR

by ZnO, TiO; and Fes04 photocatalyst.
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In addition to MB, MO also was used as organic contaminant for the
photocatalytic measurement. Figure 4.31 shows the percentage degradation
of MO in the presence of ZnO photocatalyst. The results show a smooth and
consistent degradation for all different concentrations. Solution without
photocatalyst showed no effect of degradation for the whole irradiation
duration. Sample solution with 12.0 ppm concentration achieved almost
complete degradation in 50 minutes. Whereas for all the other solutions,
97.7 to 79.6% degradations were achieved for the 16.0 to 32.0 ppm
concentrations in the 60 minutes irradiation. This result clearly showed that
the percentage degradation was inversely proportional to dye concentration.
This was understandable that when the amount of catalyst was fixed, the
number of the organic compound that managed to interact and being
absorbed onto the photocatalyst surface was limited. This can be explained
due to the photocatalytic degradation process takes place generally on the

surface of the catalyst (Han, Liao et al. 2012).

On the other hand, the percentage degradation for the TiO:
photocatalyst on the MO solutions showed a linear increment and in a very
slow pace. Even with the lowest concentration of MO (12.0 ppm) only 45.9%
of degradation was achieved, as compared to the highest concentration, 32.0
ppm, at only 28.6% degradation, in 60 minutes of irradiation. This results
reflected that MO is a dominant organic contaminant as compared to the PR
dye since only very little of organic contaminant was degraded by TiO;

photocatalyst. Besides the results also reflect the photocatalytic capability of
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the TiO. semiconductor nanoparticles is slightly inferior if compare to the
ZnO nanoparticles. It indicates that ZnO is more photoreactive than TiO..
This is due to the ZnO having slightly lower band gap and higher binding

energy of 3.2 eV and 60 meV, respectively.

Figure 4.31 shows the percentage degradation of MO solutions by the
Fe;Os photocatalyst. The percentage degradation is almost zero and
insignificant, with the highest change of 1.0% for the solution without
photocatalyst. Since there are no significant changes in the percentage
degradation, the absorbance versus time graph is also provided to show that

no degradation has taken place across all different concentration.

The graph for Fez04 photocatalyst for all the concentrations were all in

the horizontal lines; indicating no degradation took place, as MO is an azo

and very stable dye (Hakamada, Hirashima et al. 2012).
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Figure 4.31: Percentage degradation with different concentration of MO for

ZnQO, TiOz and TiO; photocatalyst.
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The following results are the first-order kinetic for the MO solutions
with the presence of ZnO, TiO2 and Fe304 photocatalysts. Figure 4.32 shows
the degradation rate for the ZnO photocatalyst with the lowest concentration,
12.0 ppm (0.0868 min=t, R?> = 0.9427), was the best performer amongst all
the solutions followed by higher concentration. This is very well understood
since the degradation is more achievable before the optimum concentration
of the solution is achieved, there were lots of available reactive sites on the
photocatalyst for the organic contaminants to be absorbed and undergoes
the photocatalytic process. On the other hand, since the amount of the
organic contaminant was still very mild, the incidental photonic flux into the
dilute MO solution and arrived at the photocatalyst surface were abundance.
Therefore, the production rate of OHe radical from hydroxyl ions increases,
while achieving the optimum concentration, which allowed the higher
degradation rate to be achieved (Gopal, Lo et al. 2012). Subsequently, with
the increased of the MO concentration, it will create an opacity effect in the
solution and cause photons interception before they can reach the catalyst
surface and hence decreases the absorption of photons by the catalyst,

leading to the distortion of degradation efficiency (Hilal, Al-Nour et al. 2010).

For the TiO, photocatalyst, the first-order kinetics result for MO for two
of its lowest concentrations were quite close to each other with the values of
0.0103 (R? = 0.9925) and 0.0099 min™ (R? = 0.9989) for 12.0 and 16.0

ppm, respectively.

169



The first-order kinetics for the Fez0s4 photocatalyst shows an
inconsistent degradation rate with even a negative value for one of the
concentration, as shown in Figure 4.32. As mentioned earlier, this was due
to the very small changes on the measurements across the irradiation

duration.
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Figure 4.33 shows the bar graphs of the kinetic constant for MO dye
degraded by ZnO, TiO, and Fes3Os photocatalysts. Both ZnO and TiO:
photocatalysts show very obvious changes of the degradation rates, started
with highest degradation rate for the lowest concentration, 12.0 ppm (0.0868
min, R?2 = 0.9427 for ZnO and 0.0103 min~!, R? = 0.9925 for TiO2), and
gradually decreased as the concentration increases to the highest
concentration, 32.0 ppm (0.0262 min~!, R? = 0.9998 for ZnO and 0.0057
min~!, R? = 0.9912 for TiO2). As the organic dye concentration increases, the
degradation rate was decreased (Khayyat, Akhtar et al. 2012). This has
been well explained earlier that increasing dye concentration inhibited the
competitive absorption with hydroxyl ions, OH-, thus decreased the formation
of the «OH radicals. Besides, the increased of dye concentration inhibited the
UV light transmission deeper into the solution, thus reduced the number of
light photons absorbed by the photocatalyst surfaces, hence, significantly

lowering the photocatalytic reaction rate (Kaneva, Dimitrov et al. 2011).

The results of the kinetic constant for the Fez04 photocatalyst on the
degradation of MO obviously shows insignificant pattern therefore no
conclusion could be deduced for the Fe304 photocatalyst to indicate its ability
to degrade MO dye. This result was in agreeable with many researchers on

the ability of the FesO4 photocatalyst (Singh, Barick et al. 2013).
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Figure 4.33: Kinetic constant, K, on the effect of initial concentration of MO
for ZnO, TiO; and Fes04 photocatalyst.
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4.2.6.4 Effect of Irradiation Duration on the Three Dyes by ZnO, TiO:

and Fes04 Photocatalysts

It is commonly understood that the amount of degradation will
increase with irradiation duration. This is because more photons reached the
photocatalyst surface and subsequently produced more ¢OH radicals. As a
consequence, more organic dye are able to be decomposed. The detail
degradation for the MB dye is shown in Figure 4.34. It can be seen that with
the addition of the ZnO photocatalyst into the solution, the maximum
absorption peak at 665 nm dropped slightly. This is due to the red shift of
the spectral band of the n-p* transition occurs within the organic dye
molecules (Heger, Jirkovsk et al. 2005). This indicates that very minimal
absorption process has taken place while the solution was allowed to be in
the dark (~14.3%). Since the photocatalytic interaction takes place on the
material surface, therefore, during the insertion of the catalyst into the MB
solution, certain amount of organic contaminant has been absorbed onto the
surface and the photocatalytic processes shall be initiated (Han, Liao et al.

2012).

Subsequently, after the solution is being irradiated by the UV light, the
12.0 ppm MB solution was fully degraded in just 30 minutes of irradiation.
This shows that the organic contaminant contains in the solution was still

manageable in the ZnO photocatalyst; which means that there was still
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sufficient active surface area as well as light photons arrived at the surface of
the photocatalyst for the degradation of the organic contaminants (Cheng, Yu

et al. 2016).

The degradation process was similar for the TiO. photocatalyst, except
it took longer irradiation duration to fully degrade the MB dye, as shown in
Figure 4.34. A significant dropped was also observed when the TiO;
photocatalyst was added into the solution in dark condition for about 30
minutes (~13.4%). Subsequently, when the solution was irradiated with the
UV light, the peak gradually dropped to zero. This shows that the MB dye
was completely degraded by the TiO., photocatalyst after 60 minutes of

irradiation duration.

In another photocatalytic process, MB dye was added with the Fe304
photocatalyst, as shown in Figure 4.34. When the mixed solution was
allowed to be in the dark for about 30 minutes, a significant dropped was
measured (~18.9%). However, when the solution was irradiated with the UV
light for a 10 minutes interval, only very tiny drop was recorded. The
solution was irradiated for 60 minutes and a measurement was taken for
every 10 minutes interval. For every 10 minutes interval, the recorded
results showed a constant drop but in a very small magnitude of absorbance.
This shows a weak performance of the Fes04 photocatalyst in degrading the

MB dye.
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Figure 4.34: Degradation of 12.0 ppm MB for ZnO (2.5 wt%), TiO2 (3.0 wt%)

and Fes304 (3.0 wt%) with the respective irradiation duration.
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Figure 4.35 shows the photocatalytic degradation of PR dye by the
ZnO photocatalyst. When ZnO photocatalyst was added into the PR solution
and allowed to be in the dark (~21.2% dropped at the main peak), colour
changes was observed for the solution. And when the UV-Vis measurement
was made, a usual drop of the main peak (435 nm) was observed. However,
very interesting changes happened to the spectrum at another absorption

peak (560 nm), which the absorption rate increases significantly.

These two absorption peaks represent the absorption spectra for
proton donor (HPR) and proton acceptor (PR-) forms of PR with the inclusion
of ZnO photocatalyst (Rendina 1971). Since PR is a weak acid, the proton
donor form dissociates reversibly into a proton donor and proton acceptor

form.

HPR < H* + PR (5)

Therefore, this phenomenon which was initiated by the dissociation of the PR
solution has given rise of those two observed maximum (Rendina 1971).
This condition was also governed by the ZnO surface chemistry with the
establishment of acid and base equilibriums when the catalyst in water

solution (Comparelli, Fanizza et al. 2005):

Zn-OH,* < Zn-OH + H* (5)
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Zn-0OH + OH™ < ZnO~ + H20 (6)

As can be seen from Figure 4.35, a significant dropped, for both peaks,
was observed when the solution was irradiated with the UV light in just 10
minutes. This indicates that the decomposition of the organic compounds
has taken place. By continuously exposed the solution under the UV light, a
significant decomposition of the organic dye has taken place and a complete

degradation was observed after 50 minutes irradiation.

Similar photodegradation mechanisms of PR are observed for TiO;
nanomaterials. A significant dropped was observed when the solution was
left in the dark (~6.8%). As expected, FesOs nanoparticles has almost
negligible photocatalytic capability. As expected, a slight dropped was
observed when the solution was left in the dark (~8.3%). The absorption
rate of the organic dye solution does not encounter any changes even after

60 minutes of continuous UV irradiation.
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Figure 4.35: Degradation of 16.0 ppm PR for ZnO (2.5 wt%), TiO2 (3.0 wt%)

and Fe304 (3.0 wt%) with the respective irradiation duration.
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Next, the photocatalytic measurement was conducted on the MO dye
with the presence of ZnO, TiO, and Fes0Os photocatalysts, as indicated in
Figure 4.36. As can be seen in all the figures, organic contaminant was
immediately decomposed after the photocatalyst was added, even before
irradiated with UV light (~6.9%). This has immensely showed the
significance of the presence of the photocatalyst as a photodegradation
agent. On the other hand, coupled with UV light irradiation, the
photodegradation process has significantly taken place, as can be observed
in Figure 4.36 for the MO solution with the addition of the ZnO photocatalyst,
after being irradiated for 10 minutes. The absorption peak at 465 nm
dropped significantly. The decomposition processes were gradually increased
with the increase of the irradiation time. At the end of the 60 minutes

irradiation, 97.7% of decomposition was achieved.

For TiO., photodecomposition process on the MO dye, pre-irradiation
period showed a significant dropped when the solution was left in the dark
(~6.9%). In addition, when the solution was irradiated with the UV light, the
degradation rate was equal for every interval of irradiation. The highest
degradation of 44.6% was achieved after the solution was irradiated for 60

minutes.

Lastly, Figure 4.36 shows the degradation of the MO dye by Fez04

photocatalyst. As the Fes04 catalyst was added into the MO solution, a small
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decomposition took place (~6.8%). However, when the solution was placed
under the UV light irradiation, no effect of degradation was detected. This
shows that the FesOs photocatalyst has no photocatalytic effect on the MO

dye.

The experiment on MO dye shows that the dye is a very recalcitrant
dye, as compared to MB and PR dyes. As mentioned earlier, MO is an azo
dye and is very stable. MO is a polar molecule, which could be adsorbed on
the photocatalyst surface via van der Waals attraction force. High
concentrations of hydroxyl groups (OH) are present on the Fe;O4 surface.
Therefore, surface OH groups could form Hydrogen bonds with O, N and S
atoms in MO, which can enhance the adsorption of MO (Wang, Ming et al.
2012). Besides, MO molecule is negatively charged across all the pH values,
which is reported between pH 3 to 11. At lower pH, MO molecule will be
changed into its anionic form of Ci4sH15N3SOs;~, where at as high pH, MO
molecule will be changed into its anionic form of C14H15N3SO3~ (Wang, Ming et

al. 2012).
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Figure 4.36: Degradation of 16.0 ppm MO for ZnO (2.5 wt%), TiO2 (3.0 wt%)

and Fe304 (3.0 wt%) with the respective irradiation duration.
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Finally, the summary of the kinetic constants for MB, PR and MO dyes
with ZnO, TiO, and Fe304 photocatalysts were listed in Table 4.7. It can be
seen that the highest degradation rate was achieved by the ZnO nanoparticle
for all the 3 dyes, followed by TiO2 and Fes04, as provided in Table 4.7 below.
In addition, MB is more prominent for photodegradation while MO is more
stable against photodegradation. This is because MB is a potent cationic and
thiazine dye (Jo and Tayade 2014). In addition, MB is a very effective
photosensitizer due to its triplet states of appropriate energies possession
and a significant quantum vyield (& = 0.52) in aqueous (DeRosa and

Crutchley 2002). On the other hand, MO is an azo and a very stable dye

(Hakamada, Hirashima et al. 2012).

Table 4.7: Kinetic constants for MB, PR and MO dye with ZnO, TiO, and

Fes04 photocatalysts.

Dyes & Zn0O TiO> Fes04
Conc. k 2 k 2 k 2
epm) | (min) | R | (miny| R |miny R

MB 0.2299 | 1.0000 | 0.1483 | 0.9950 | 0.0056 | 0.9913
8 ppm

MB 0.2171 | 0.9965 | 0.1071 | 0.9896 | 0.0039 | 0.9969
12 ppm

PR 0.1782 | 0.9854 | 0.0658 | 0.9412 | 0.0004 | 0.7909
8 ppm

PR 0.0948 | 0.9959 | 0.0517 | 0.9911 | 0.0002 | 0.7811
16 ppm

MO 3.00
12 porm | 0-0868 | 0.9427 | 00103 | 09925 | 20l | 0.1302

MO 8.00
16 pom | 00602 | 0.9736 | 0.0099 | 0.9989 | () | 0.4296
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4.3 Summary

From this study, all the oxide nanoparticles used were of standard
crystal structures and well dispersed. There were no impurities observed
during the characterization of the nanoparticles. For the solutions without
the photocatalytic materials, MB dye showed significant decomposition under
UV light irradiation for 60 minutes duration, whereas PR was only slightly
decomposed. On the other hand, MO is the most photostable dye because it
did not show any traceable degradation at all. This shows that not all dyes
can be decomposed by UV light irradiation. Certainly, tough and recalcitrant
dyes may not have any decomposition even being irradiated under UV light

for a long duration.

By using MB as a model dye, optimum photocatalyst loadings for the
three photocatalysts were obtained. It was found that the optimum loading
for ZnO was 2.5wt%, whereas for TiO, and Fe30s4 was 3.0wt%. In the
photodecomposition of MB, it was completely decomposed between 10 to 20
minutes of irradiation duration by the presence of ZnO photocatalyst. For
the TiO2 photocatalyst, MB was decomposed in between 20 to 30 minutes
irradiation. Nonetheless, Fes0Os photocatalyst was just able to decomposed

72.8% of the MB in 60 minutes of irradiation.

For the decomposition of PR, ZnO and TiO, photocatalysts were able to

degrade PR solutions within 30 and 50 minutes of irradiation, respectively.
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However, Fes0s showed only very mild decomposition even after 60 minutes
of irradiation. In the photodecomposition of MO, it was completely
decomposed by ZnO in 50 minutes of irradiation, whereas TiO, decomposed
45.9% of MO in 60 minutes of irradiation. On the other hand, no trace of
decomposition could be detected for the 60 minutes irradiation with the

presence of Fes04 nanoparticles.

It can be concluded that ZnO is the superior photocatalyst followed by
TiO2, whereas Fes04 showed very mild photocatalytic capability. In term of
photostability of the dyes, it showed that MO is the most stable dye followed
by PR and MB. This result was consistent for all the dyes whether they are
irradiated under UV light irradiation with or without the presence of

photocatalysts.
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CHAPTER 5

Zinc Oxide/Iron Oxide (magnetite) Nanocomposite

5.1 Introduction

In current advanced technology era, huge number of industries has
utilised various kinds of synthetic organic dyes into their products. These
modern synthetic dyes are generally resistive to natural/biological
degradation. Therefore, it will cause serious threat to the environment.
Huge amount of wastewater released from the industries each day which
accumulatively leading to significant damage to the environment if proper
safety measures are not taken seriously. Precaution and safety measure
needed in ensuring the effluent released into the environment is safe or at

least in an acceptable level of contamination.

There were different kinds of organic compounds recognised as the
contamination sources to the environment. The major organic compounds
that mostly came from the industrial effluent include dyes, phenols,
chlorophenols, aliphatic alcohols, aromatics, polymers and carboxylic acids.
The industries that mainly produced those numerous pollutions includes
paper mill, textile, cosmetic industries and land fill leachate (Schwarzenbach,

Egli et al. 2010).
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One of the fastest emerging technologies that available in the removal
of the textile dyes from the effluent is via photodegradation induced by
semiconductor materials. Recently, there has been a growing interest
throughout the globe in using semiconductor materials as photocatalysts

(Hoffmann, Martin et al. 1995).

5.2 Background Study

The use of semiconductor with light illumination has been successfully
utilised to degrade variety of organic contaminants in water (Behnajady,
Modirshahla et al. 2006). The most extensively used semiconductors to
study their photocatalytic properties are TiO2, ZnO and CdS (Kansal, Singh et
al. 2007). The efficiency of a semiconductor oxide as a photocatalyst
depends on the electron-hole separation efficiency and the adsorption
capability. Thus, a major obstacle in achieving high photocatalytic efficiency
in semiconductors is to reduce the recombination rate of the charge carriers
(Chen and Mao 2007). Therefore, modifications required necessary to
prevent the recombination of the photogenerated charge carriers. This could
be done by doping of metals, such as Sn**, Na*, Ag*, Mg?* and Cr3* into the
semiconductor surface which will modify its bandgap (Wu and Huang 2010,
Jia, Fan et al. 2011, Lu, Liu et al. 2011, Wu, Shen et al. 2011, Chamjangali,

Bagherian et al. 2015). On the other hand, by taking proper steps during the
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preparation, crystalline morphology and surface microstructure of the

prepared semiconductors can be well controlled (Yu, Li et al. 2005).

However, another problem arises as after the photocatalytic processes,
there is a need to separate the photocatalyst material from the treated
water. Therefore, by introducing magnetic materials into the photocatalyst,
it will be an efficient and convenient method for separating and recycling the
photocatalyst by applying an external magnetic field (Hou, Tian et al. 2015,

Kim, Woo et al. 2016).

This magnetically separable photocatalysts have different level of
ability in its optical, magnetic and catalytic properties if compared to their
single compound materials (Alamo-Nole, Bailon-Ruiz et al. 2013). Therefore,
a good magnetic material has to be chosen to fully utilise the magnetic
properties for effective separation. Due to low cost, good magnetic
properties and environmentally friendly, FesO4 nanopowder has been chosen
as the magnetic source as compared to other magnetic materials (y-Fe20s3
and MFe;04, where M is a divalent metal, e.g. Ba%*, Ni?*, Co*, or Zn?")
(Lopez, Gonzalez et al. 2010, ElI Ghandoor, Zidan et al. 2012, Zhu,

Hojamberdiev et al. 2013).

There have been few methods in preparation and application of
Zn0O/Fesz04 nanopowder in the photodegradation of organic pollutants under

ultraviolet irradiation. First reported by Hong et al. (2008) that the
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ZnO/Fe304 nanopowder was prepared by co-precipitation method and their
photocatalytic activities were investigated (Hong, Zhang et al. 2008, El
Ghandoor, Zidan et al. 2012). Another researcher prepared with different
molar ratios by two-step method and photodegradation on methyl orange as
investigated (Xia, Wang et al. 2011). Singh et al. (2013) prepared Fesz04
embedded ZnO nanopowder by a facile soft-chemical approach and applied
them for photodegradation on three types of pollutants (Singh, Barick et al.
2013). Last, but not the least recently, a group of researcher have prepared
recoverable ZnO/Fes0s nanopowder in diethylene glycol at 160 °C and

applied them for photodegradation of phenol (Feng and Lou 2015).

Therefore, this study is aimed to bring forward a simple and easy
processing method in preparing the photocatalyst, besides it can also be
easily retrieved without any sludge being left behind or involved any

additional cost for subsequent treatment.
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5.3 Results and Discussion

5.3.1 Different sintering temperature

The prepared samples were sintered at different sintering
temperature, which were 200, 250, 300, 350, 400 and 450 °C, respectively.
All samples were sintered for the duration of 5 hours. The FESEM
micrographs for the 20 wt% doped Fes304 of ZnO/Fesz0s4 nanocomposites
which were prepared at different sintering temperature were shown in Figure
5.1. The micrographs showed well mixed nanoparticles between small and
large particle size and quite evenly distributed across the samples. In
addition, all samples also exhibit moderate porosity which will greatly

contribute significant surface area for the degradation process to take place.

Generally, the small size particles are spherical shape whereas the
medium and larger size particles are mixture of rod-like and cubic shape.
Those rod-like and cubic shapes are ZnO particles whereas spherical shapes
are generally Fes04 particles. The surfaces of the particles are quite smooth,
which shows no sign of over stressed being applied onto the powder during
mixing. The sintering temperatures have negligible effect on the shape and
size distribution of the prepared nanoparticles. The average particle size as
measured from the micrographs are (172.3 £ 9.6) nm, (157 £ 11) nm, (164
+ 12) nm, (152.8 £ 7.2) nm, (153.1 £ 6.2) nm and (168.5 £ 8.2) nm, for

200, 250, 300, 350, 400 and 450 °C sintering temperature, respectively.
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From these results, it shows that the sintering temperature between 200 to
450 °C has no significant impact on the particle size of the nanocomposites.
This can relate to an experiment by Yassitepe (2008) in sintering the ZnO
nanoparticles at 700 °C, which not changing much of its microstructure and
surface area (Yassitepe, Yatmaz et al. 2008). Therefore, there is no
significant changes could be observed for all the prepared nanocomposites

with the sintering temperature used in this study.
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Figure 5.1: FESEM microstructures for 20 wt% doped Fez04 of
Zn0O/Fe304 nanocomposites with different sintering temperature (200,
250, 300, 350, 400 and 450 °C).
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The X-ray powder diffraction patterns (XRD) of the prepared
nanocomposites, sintered at different sintering temperatures, were depicted
in Figure 5.2. All samples show peaks for (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004) and (202) planes of zZnO, and (220),
(311), (400), (422), (511) and (440) planes of Fes04 crystals, that agreed
well with the hexagonal wurtzite phase for the ZnO (JCPDF Card No: 5-
0664), and the cubic single phase structure for the Fe;0s (JCPDS Card No:
79-0417, Magnetite - synthetic). The intensities of all samples peaks were
quite similar. Therefore, we can conclude that the crystal structures of the
prepared nanocomposites were not affected by the sintering temperature, as

no obvious changes on the crystallinity of the nanocomposites was observed.

The average crystallite size as calculated by using the Scherer
equation are (83.5 £ 6.2) nm, (78.4 £ 4.8) nm, (121 £ 13) nm, (96.4 £
5.8) nm, (83.6 £ 6.2) nm and (122 £ 21) nm, for the 200, 250, 300, 350,
400 and 450 °C sintering temperature, respectively. These results show that
the sintering temperature has no significant effect on the average crystallite
size of the nanocomposites. Current applied sintering temperature can be
compared with a study when ZnO nanoparticles that was sintered at 700 °C
shows very high porosity and variation of microstructure which is useful for

photocatalytic reaction (Yassitepe, Yatmaz et al. 2008).
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Figure 5.2: XRD for ZnO/Fes0s4 nanocomposites with different sintering

temperature (200, 250, 300, 350, 400 and 450 °C).
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Table 5.1 shows the BET surface area and pore size for ZnO/Fe304
nanocomposites with different sintering temperature. The results do not
significantly reflect the effect of the sintering temperature since the values
did not change much. This shows that the applied sintering temperature
between 200 to 450 °C did not cause any changes in the microstructure of
the nanocomposites. Therefore the BET was not affected by the applied

sintering temperature where the values averages are between 1.9 to 2.6

m?/g.

Table 5.1: BET data for different sintering temperature for ZnO/Fes;04

nanocomposites

Sintering BET Surface Area Pore Volume Average Pore
temperature (°C) (m?/g) (cm?3/q) Size (nm)
200 2.516 0.03164 40.68
250 2.613 0.02645 31.54
300 2.312 0.04053 50.99
350 2.787 0.02185 31.36
400 1.923 0.03524 73.30
450 2.417 0.01728 28.59

Figure 5.3 shows the Energy dispersive X-ray spectroscopy (EDX)
spectrums for the ZnO/Fesz0s4+ nanocomposites for different sintering
temperature. All the spectrums show the nanocomposites possessed the

precursor element used to prepare the ZnO/Fes04 nanocomposites. On the
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other hand, the suspected element C was coming from the carbon tape that

was holding each of the nanocomposites (Su, Chiou et al. 2012). The weight

percent (wt%) and the atomic percent (At%) for the elements is given in

Table 5.2. As a summary, EDX measurement and the XRD analysis have

successfully verified the purity of the prepared nanocomposites which exhibit

single phase structure with high crystallinity form.
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Figure 5.3: Energy dispersive X-ray spectroscopy (EDX) for different

sintering temperature for ZnO/Fe3z04 nanocomposites.
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Table 5.2:

nanocomposites

EDX data for different sintering temperature for ZnO/Fez04

Sintering Weight percentage Atomic
Element
temperature (°C) (Wt%) percentage (At%)
0] 27.90 60.65
Fe 10.90 6.79
200
Zn 61.20 32.56
Total 100.00 100.00
0] 30.04 63.52
Fe 3.10 1.88
250
Zn 66.86 34.60
Total 100.00 100.00
C 11.12 26.53
0] 25.14 45.03
300 Fe 6.68 3.43
Zn 57.06 25.01
Total 100.00 100.00
C 5.31 14.45
(0] 24.32 49.67
350 Fe 8.31 4.87
Zn 62.06 31.02
Total 100.00 100.00




C 15.64 33.61
0] 27.06 43.65
400 Fe 1.87 0.86
Zn 55.43 21.88
Total 100.00 100.00
C 7.76 20.14
0 24.15 47.06
450 Fe 3.88 2.17
Zn 64.21 30.63
Total 100.00 100.00
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5.3.2 Different weight percent of Fez04

The doping of Fes04 is to obtain magnetic properties possessed by the
Fes04 nanoparticles. However, the optimum amount of Fez04 doped need to
be measure to maintain the photocatalytic capability of the nanocomposite.
The microstructures for the ZnO/Fez04 nanocomposite samples with different
weight percent (wt%) of Fesz04 are shown in Figure 5.4. As can be observed
in the micrographs, it is clearly seen that there are mixture of two
distinctively small and large particles with various size but fairly distributed
throughout the samples. The shape of the small size particles are generally
in spherical and slightly mixed with elongated structures, while the larger
size particles are of cubic and rod shapes. Highly porous structures are also

observed throughout all the samples.

The average particle size of the nanocomposites for 20, 15, 12, 10, 5
and 1 wt% of Fes04, as directly measured from the micrographs, are (140.2
+ 9.0) nm, (163 +£ 10) nm, (156.3 = 8.3) nm, (159 £ 12) nm, (171 £ 12)
nm and (149.6 + 8.5) nm, respectively. The number of smaller size particles
were fairly distributed across all samples. In addition, it is good to mention
that no agglomeration was spotted due to the addition of FesO4 nanoparticles
although smaller size particle tends to agglomerate. Therefore, the
micrographs showed that when FesO4 nanoparticles were introduced into the
ZnO nanopowder, they were well mixed and evenly distributed throughout

the whole sample.
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Figure 5.4: FESEM microstructures for ZnO/Fez04 nanocomposites with
different wt% of Fes04 (20, 15, 12, 10, 5 and 1wt%).
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Figure 5.5 is the X-ray diffraction (XRD) patterns for the prepared
Zn0O/Fe304 nanocomposites with different weight percent (wt%) of FeszO4
nanoparticles. It clearly indicates the existence of the ZnO and Fes3Oa4
nanoparticles. The pattern revealed the characteristic peaks for (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202)
planes of ZnO, and (220), (311), (400), (422), (511) and (440) planes of
Fes04 crystals. All peaks can be indexed to the wurtzite crystal structure
according to the standard JCPDF Card No. (5-0664), which represents ZnO
nanoparticles, and cubic single phase structure according to the standard
pattern for JCPDS Card No. (79-0417) of Magnetite - synthetic, which

represents nano size Fes04 nanoparticles (Saikia, Bhuyan et al. 2015).

From the diagrams, it can be seen that all samples have almost similar
prominent peaks, which indicates that the prepared samples were well mixed
and retained their crystal structure. However, the peaks of cubic single phase
for Fes04 were not significant and cannot be observed for certain samples
with low doping of Fesz0s4 nanoparticle, especially for the 5wt% and 1wt%
samples. This might be due to a very minute amount of doped Fes3O4
nanoparticle; therefore the appearance of the Fes304 crystalline phase
structure was not significant or obvious to be detectable by the instrument as
a result of hindrances by the ZnO nanoparticles. These basically explained
that we were able to mix the ZnO and Fes30s4 nanoparticles by simple

mechanical mixing and sintering at low temperature.
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The average crystallite size as calculated by using the Scherer
equation are (121 £+ 13) nm, (116 £ 15) nm, (116 £ 15) nm, (137 * 15)
nm, (110 £ 14) nm and (150 = 13) nm, for the 20, 15, 12, 10, 5 and 1 wt%

of doped Fe3z04 nanocomposite sample, respectively.
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Figure 5.5: XRD for ZnO/Fe304 nanocomposites with different wt% of FesO4
(20, 15, 12, 10, 5 and 1wt%) sintered at 300 °C.
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Table 5.2 shows the BET surface area and pore size of all the
nanocomposites samples with different wt% of FesOs. There are no
significant changes in the BET surface area as compared to undoped ZnO
nanoparticles even when the amount of Fez04 doped was 20 wt%, except for
the 10 and 1 wt% samples. Nonetheless, the pore volume and average pore
size for the nanocomposites samples have increased as compared to the
undoped ZnO nanoparticles. Therefore, with the increase of these pores
would certainly assist in the photocatalytic process, although there is not

much changes in their BET surface area.

Table 5.2: BET data for different wt% of Fes0s4 for ZnO/Fes04

nanocomposites

Weight percent of | BET Surface Area Pore Volume Average Pore
Fes04 (Wt%) (m?/qg) (cm?3/qg) Size (nm)
20 2.787 0.02185 31.36
15 2.573 0.01736 26.99
12 2.849 0.02052 28.82
10 1.676 0.00948 22.62
5 2.700 0.01545 22.89
1 0.8844 0.01333 60.28
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Energy dispersive X-ray spectroscopy (EDX) spectrums for all different
wt% of Fesz0s4 samples are shown in Figure 5.6. All spectrums show the
elemental mapping of the prepared nanocomposites, which includes the
presence of O, Zn and Fe. The weight percent (wt%) and the atomic percent
(At%) for the elements is given in Table 5.4. The EDX measurement and the

XRD analysis have verified the purity of the prepared nanocomposites.
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Figure 5.6: Energy dispersive X-ray spectroscopy (EDX) for different wt% of

Fes04 for ZnO/Fe3z04 nanocomposites.
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Table 5.4: EDX

nanocomposites

data for different wt%

of Fes0s for ZnO/Fes04

Weight
Weight
percentage Atomic
Element percentage
(wt%) of doped percentage (At%)
(wt%)
FE304
C 5.31 14.44
@) 24.32 49.67
20 Fe 8.31 4.87
Zn 62.06 31.02
Total 100.00 100.00
C 6.93 18.22
0 24.27 47.92
15 Fe 7.46 4.22
Zn 61.34 29.64
Total 100.00 100.00
C 7.64 18.91
@) 27.36 50.82
12 Fe 9.30 4.95
Zn 55.70 25.32
Total 100.00 100.00
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C 7.62 18.94
o) 27.25 50.89
10 Fe 5.24 2.81
Zn 59.89 27.36
Total 100.00 100.00
C 8.04 20.24
o) 25.93 49.01
5 Fe 2.64 1.43
Zn 63.39 29.32
Total 100.00 100.00
C 7.01 18.78
o) 23.33 46.88
Fe 0.87 0.50
Zn 68.79 33.84
Total 100.00 100.00
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5.3.3 Transmission Electron Microscopy (TEM)

Figure 5.7 shows the transmission electron microscopy (TEM) image
and histogram for the 10 wt% doped FesO4 sintered at 300 °C for the
Zn0O/Fesz04 nanocomposites. The micrograph indicates the nanocomposite
was well dispersed without any agglomeration. The nanocomposites were
irregular in shape with cubic and some elongated microstructure. It presents
a wide range of particle size distribution with an average particle size of (162
£ 12) nm. The size distribution histogram shows the details of the size
distribution which was obtained from the direct measurement from the TEM
micrograph. The average particle size was slightly different from the
crystallite size obtained from the XRD. Nevertheless the size is quite similar

to the size measured from the FESEM micrographs.
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Figure 5.7: TEM micrograph and Particle size distribution histogram for 10

wt% doped Fez04 of ZnO/Fes04 nanocomposites.
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5.3.4 Photocatalytic analysis for Different Loading of ZnO/Fe304

The photocatalytic performance of the 20 wt% doped Fez04 sintered at
300 °C of ZnO/Fes04 nanocomposite was evaluated by the degradation of MB
under the UV light illumination. The photocatalytic study was first performed
to determine the most optimum amount of the photocatalyst loading, by
fixing other variables to constant. The sample solutions were prepared with
the loading from 1.0 to 10.0 wt% of ZnO/Fes04+ nanocomposites. All mixed
samples were then stored in dark for about 30 minutes before transferred
into the ultraviolet chamber. An aliquot were collected from each samples at

an interval of 10 minutes to observe the degradation effects.

The decomposition results for various photocatalyst loading with
Zn0O/Fesz04 nanocomposites sintered at 300 °C is presented in Figure 5.8. MB
without the presence of photocatalyst was degraded at a very slow rate,
achieving merely 17% of degradation after 30 minutes of illumination. On
the other hand, samples with photocatalyst show significant degradation for
similar irradiation duration. For photocatalytic process to take place, there
have to be sufficient photon energy arriving on the photocatalytic surface.
This leads to the formation of a positive hole (h*) in the valence band and an
electron (e”) in the conduction band. The positive hole could either oxidise
the organic substances or produce very reactive OHe radicals. The OHe
radicals act as the primary oxidants in the photocatalytic system [Ahmed, S.

et al., 2010]. Therefore, higher photocatalyst loading provides higher
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degradation rate. As for 1.0 and 2.0 wt% of the catalysts, the percentage
degradation were lower than other samples. For samples with 6.0 to 10.0
wt% catalyst, the percentage degradations were close to each other and able
to degrade more than 60% of MB in 10 minutes. Comparatively, samples
with 1.0 and 2.0 wt% catalyst only able to achieve degradation less than
50% after 10 minutes of irradiation. It is well-understood since lower
content of photocatalyst material shall have less reactive sites for

photodecomposition process, subsequently leads to lower degradation rate.
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Figure 5.8: Percentage degradation of MB by different loading of ZnO/Fe304

nanocomposites.

The rate of the degradation could be explained more clearly as in
Figure 5.9. It shows that the photocatalytic degradation of MB follows

pseudo-first-order kinetics according to Langmuir-Hinshelwood (LH) model,
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where the photocatalytic reaction can be described by In(Co/C) = kt, where
Co and C are the initial and actual concentration of MB and k is the

degradation rate parameter.
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\

Irradiation time (min)

Figure 5.9: Degradation rate for MB by different loading of ZnO/Fes04

nanocomposites.

As can be seen in Figure 5.10, the degradation rate is found to
increase with the catalyst loading. It is definite that the degradation without
catalyst was the lowest, with the rate of 0.0054 min'. The value is then
increased from 0.0563 min~! for 1.0 wt% to 0.1593 min! for 9.0 wt%. The
degradation rate dropped slightly for the sample with 10.0 wt% catalyst to
0.1574 min~!. The dropped in photodegradation rate could be due to the
opacity of the solution with high concentration of photocatalyst material,

which decrease the light absorption and subsequently affect the
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photocatalytic process (Han, Wang et al. 2012). Figure 5.10 clearly shows
an inclination in the degradation rate as the amount of the photocatalyst
loading increased. The increased in the photocatalytic process was due to
the increase of the surface area, therefore increases the active sites
availability (Han, Liao et al. 2012). These results conclude that sample with
9.0 wt% photocatalyst loading is the optimum loading for the

photodegradation process.
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Figure 5.10: Degradation rate of MB by different loading of ZnO/Fes04

nanocomposites.
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5.3.5 Photocatalytic Study on the Effect of Sintering Temperature with

Zn0O/Fe304 Nanocomposite Material

Figure 5.11 shows the effect of sintering temperature on the 20 wt%
doped Fe304 of ZnO/Fesz04 nanocomposite material. The dark adsorption is
insignificant (less than 5%). The degradation started to take place for all
samples within the first 10 minutes of irradiation, as shown in Figure 5.11.
As the irradiation time was increased to 20 minutes, the degradation has
achieved more than 85% for all samples. From the result, almost 100%
degradation was achieved for all samples at the end of 30 minutes. These
results indicate that the sintering treatment did not perturb the stability and

significantly change the photodegradation capability of the nanocomposites.
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Figure 5.11: Percentage degradation of MB for 20 wt% doped Fes:04 of
Zn0O/Fe304 nanocomposites with different sintering temperatures.

214



Based on the kinetic analysis as shown in Figure 5.12, all samples fit nicely
to the pseudo-first-order kinetics of the LH model. It is clear that the highest
degradation rate is recorded for the nanocomposite samples sintered at 300
°C. This result could be due to its highest pore volume and one of the
highest pore size amongst all samples sintered at different temperature, as
recorded in Table 5.1, albeit the BET surface area is slightly lower than most

of the samples.
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Figure 5.12: First-order kinetics for the degradation of MB with different

sintering temperature for ZnO/Fe3z04 nanocomposites.

From Figure 5.13, samples with 400 and 450 °C sintering temperatures
were among the lowest degradation rates, with 0.1277 and 0.1087 min!,

respectively. For the sample sintered at 400 °C, its pore size and pore
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volumes were amongst the highest with 73.30 nm and 0.03524 cm?3/g,
respectively, as compared to the other samples. However, its BET surface
area was the lowest, only 1.923 m?/g. This could be the possible
contribution to the lower degradation rate. On the other hand, for sample
sintered at 450 °C, albeit its BET surface area was quite similar to other high
degradation samples, however its pore volume and pore size were amongst

the lowest with 0.01728 cm3/g and 28.59 nm, respectively.
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Figure 5.13: Kinetic constant for ZnO/Fes04 samples with different sintering

temperature.
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5.3.6 Photocatalytic Study on the Effect of Different wt% Fez04+ Doped into

the Nanocomposite Material

Figure 5.14 shows the photocatalytic study of the nanocomposite
materials with different Fes04 doping. The result shows that all samples with
photocatalysts were active and able to degrade MB in just 30 minutes of
irradiation. The graphs show all samples able to degrade more than 90% of
organic dye in just 20 minutes. The results clearly show that irrespective of
the amount of the FesO4 that was doped into the ZnO nanoparticles, the
degradation process took place significantly and able to degrade the dye
solution effectively. Nevertheless, this clearly explained that ZnO/Fe304
nanocomposites photocatalyst is still showing promising photocatalytic
capability while possessing additional feature — the magnetic characteristic.
There is another study on iron doped photocatalyst, which was also reported
to possess significant degradation capability while carrying the magnetic

feature.
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Figure 5.14: Percentage degradation of MB for samples with different wt% of

Fes04 doped into ZnO/Fe3z04 nanocomposite

As can be seen from Figure 5.15, the lowest degradation rates
amongst all FesOs doped samples were the highest Fes04 doped
nanocomposite material (12 wt% to 20 wt%). On the other hand, the
samples with FesOs doped of 1 wt% to 10 wt% are found to have quite
similar degradation rates and are the highest among all the nanocomposites
samples. This showed that the photocatalytic capability of the ZnO
nanoparticle was not affected when small amount of Fez04 nanoparticles are
doped into the samples (Bhukal, Shivali et al. 2014). This could be explained
that the incorporation Fe;04 nanoparticle is in the optimum level and has not
overloaded that can hinder the reactive surface of the ZnO nanoparticle,

which is essential for the photocatalytic process to take place. A similar
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study was also reported where the degradation rate decreases with the

increased of the Fes04 added (Bhukal, Shivali et al. 2014).
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Figure 5.15: Degradation rate of MB for samples with different wt% of Fes;04

doped into ZnO/Fe304 nanocomposites.

The values for kinetic constants k, are depicted in Figure 5.16. Results
show that similar kinetic constant value was achieved for 1 wt%, 5 wt% and
10 wt% Fes;04 doped nanocomposite samples. From the results, we can also
conclude that the photocatalytic efficiency is still maintained at the optimum
level until 10 wt% doped of FesO4 nanoparticle, in which beyond the optimum
doping, the k value is significantly dropped from 0.1973 to 0.1430 min~! for

the 12 to 20 wt% of Fes04 doped nanocomposite material, respectively.
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Therefore, we can conclude that by doping iron oxide (Fes04) to ZnO
nanoparticle, the photocatalytic efficiency is maintained while the new
magnetic characteristic can be incorporated to the catalyst effectively.
However, the photocatalytic efficiency dropped significantly when more than
10 wt% Fe304 nanoparticle was doped into the nanocomposite material. This
could be due to the significant hindrances of the active surface area on the
ZnO nanoparticle by the high content of Fes;O4 nanoparticle at high level of
doping, consequently decreasing the reactive sites for the photocatalytic

process to take place (Han, Liao et al. 2012).
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Figure 5.16: Kinetic constant for ZnO/Fe3z04 samples with different wt% of

doped Fes0O4 nanoparticles
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5.3.7 Vibrating Sample Magnetometry Analysis (VSM)

Figure 5.17 shows room temperature magnetization curves as a
function of magnetic field for ZnO and ZnO/Fes04 nanocomposite. It is very
obvious that ZnO nanoparticle do not exhibit any obvious magnetic
properties, which is diamagnetic in characteristic, whereas for 10 wt% doped
Fes04 sintered at 300 °C of ZnO/Fes04 nanocomposite it shows an obvious
magnetic hysteresis loops with ferromagnetic feature, soft ferromagnetic
characteristic. =~ These features were agreeable with Dutta and his co-
researchers (2009) finding on different ZnO materials; chemically prepared
Zn0O, with and without calcine at 550 °C, ball milled ZnO and as received
ZnO. They obtained significant finding where the ZnO sample calcined at
550 °C shows room temperature ferromagnetism, whereas none calcined
shows paramagnetic behaviour, and on the other hand, the ball milled ZnO
shows an even more pronounced diamagnetism [Dutta et al., 2009]. There
were minimal coercivity exhibited by the samples and magnetic moments are
induced in the presence of magnetic field. The ZnO/Fe3z04 nanocomposite
shows high susceptibility therefore easily magnetised, where magnetic field
of 1088 Oe is sufficient to induce 84% of the total magnetization. The
saturation magnetization for the ZnO/Fes0s nanocomposite was 6.124

emu/g.

221



-15000

Saturation Magnetization (emu/g)

_________________ gl ——ZnF |
Coercivity (Oe)

Figure 5.17: Hysteresis loop for ZnO and 10 wt% doped Fes04 sintered at

300 °C of ZnO/Fe304 (ZnF) nanoparticles.

5.3.8 Magnetic Separation

As indicated at the beginning of this study, one of the objectives is to
produce a comparatively good photocatalyst that able to degrade organic
dyes, as well as possessing magnetic feature which then can separate the
photocatalyst from the solution in a much simpler manner. Besides
environmentally friendly, it is also cost efficient. Such photocatalyst shall

hold great potential to be utilised for large scale water treatment system.
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From Figure 5.18, it shows the effect of the magnetically induced
separation of ZnO/Fe3z04+ nanocomposites by exploiting their magnetic
property. A total of 9.0 wt% loading of ZnO/Fe30s nanocomposites was
dispersed in treated solution and the dispersion appears to be brownish in
color due to the formation of a suspension (before separation). Upon placing
the vial near to a magnet with a magnetic field strength of 0.6 T, the
progressive separation of a colloidal suspension is observed. The effect of
the magnetically induced separation is clearly visible, where a brownish mass
within the proximity of the vial wall, is attracted toward the magnet.
Subsequently, the turbidity of the solution due to the colloidal suspension
becomes increasingly discoloured and finally becomes clear. The suspension
is attracted toward the wall of the vial that is closer to the magnet, which
implies the complete physical separation. The ease in separation of
Zn0O/Fesz04 nanocomposites is attributed to the high magnetic susceptibilities
of the Fe304 doped in the ZnO/Fes04 nanocomposites. Upon removal of the
magnetic field, the colloidal ZnO/Fes04 nanocomposites remain dispersible
and no irreversible agglomeration occurred. This indicates that this
ZnO/Fe304 nanocomposites is suitable for the magnetically-separable

photocatalytic application.
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Figure 5.18: Separation of ZnO/Fes04 nanocomposites in degraded MB dye

solution by applying a magnetic field with a 0.6 T magnet.

5.3.9 Repeatability Analysis

In elucidating the stability of the 2ZnO/Fes;0s4 nanocomposites
photocatalytic activity, the repeatability analysis was performed under the
similar experimental conditions. The recyclability experiment for the
nanocomposites photocatalyst is very important to determine the stability of
the photocatalyst and the long term use in practical application. After
completing the photodecomposition for the first run, the same
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nanocomposite was retrieved using external magnetic field and reused for
the following analysis, up to three runs. Based on the results, as seen in
Figure 5.19, no significant changes appear in degradation efficiency, as only
slight deterioration was recorded throughout the analysis. As for the first
run, the percentage degradation of the MB dye achieved was 97.18%. On
the second run, the percentage degradation dropped by 1.08% as compared
to the first run. Nonetheless, in the third run, the photodecomposition of the
organic dye by the nanocomposites is 97.33%, which is slightly more by

0.17% than that of the first run.

The dropped in efficiency might be due to the deactivation of the
ZnO/Fesz04 nanocomposites caused by the absorption of the organic dye
molecules on the surface of the ZnO/Fes0s4 nanocomposites. Thus, the
electron transfer processes is perturbed during the photocatalytic process
between nanocomposite surface and water molecules and suppress the
hydroxyl radicals formation. This deactivation is due to the memory effect on
the ZnO/Fe3z04 nanocomposites surface which has been occupied by the

earlier remnant of the organic dye (Yassitepe, Yatmaz et al. 2008).
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Figure 5.19: Repeatability experiment for ZnO/Fe304 nanocomposites.
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5.4 Summary

From the detail discussions and the obtained results, it shows that
magnetic ZnO/Fe304 nanocomposite has been successfully prepared. We
managed to scrutinise the necessary details of the magnetic nanocomposites,
such as concentration of photocatalyst used, appropriate doping amount of
FesOs4 nanoparticle in the nanocomposite and optimised sintering
temperature. The optimum loading amount of the ZnO/Fes04+ nanocomposite
was 9.0 wt%. The optimum amount for FesO4 doped into the nanocomposite
was 10 wt% and the sintering temperature was at 300 °C. The ZnO/Fe304
nanocomposite was also successfully reused with no significant changes arise

in the degradation efficiency.
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CHAPTER 6

Fabrication of Titanium Dioxide/Iron Oxide (magnetite)

6.1 Introduction

Since the discovery of the photocatalytic splitting of water by using
titanium oxide (TiO.) electrodes by Fujishima, many research have been
devoted to TiO, due to its various photocatalytic advantages, such as low
toxicity, structural stability, highly abundance and low cost (Ren, Wen et al.
2015). With its wide band gap and capability of producing reactive oxygen
species (ROS) in water under UV irradiation, TiO, nanoparticle has been
proven as an effective photocatalyst in degrading organic contaminants by
producing harmless end products, generally CO; and water (Dindar and Igli

2001, Linley, Liu et al. 2014).

6.2 Background Study

The application of TiO, as a photocatalyst has long been focused and
scrutinised by many researchers in making the oxide one of the prominent
material for effective removal of organic contaminants from the wastewater
(Ren, Wen et al. 2015). This is due to its possession on several advantages
and continuous breakthroughs, thus brought it to various application, such as

purification and treatment of hazardous materials in water and air,
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disinfection, and even for medical therapy (Chong, Jin et al. 2010).
However, the application of TiO; in water purification has faced many
challenges, especially the difficulty associated with recovering of the
dispersed nanoparticle and the reusability of the oxide after water treatment
remains as the major obstacle towards the practicality application for
industrial process. These have brought the negative impact to its high
photocatalytic efficiency and potential in many applications besides posing an
environmental treat when it is released into the natural bodies of water

(Linley, Liu et al. 2014).

Many methods have been studied in overcoming those obstacles by
producing the nanoparticle as thick films deposited onto suitable substrates
as supporting materials such as glass, sand, membranes, or magnetic
nanoparticles to improve the separation efficiency (Linley, Liu et al. 2014).
Although by applying this immobilization technique could solve the problem
related to the photocatalytic separation after treatment, another drawback
arises. The immobilization mode inhibits the dispersion capability as well as
reducing the active surface area of the photocatalyst therefore greatly
lowered the interaction with the contaminants, in turn leading to the relevant
decrease in the photocatalytic efficiencies (Comparelli, Fanizza et al. 2005,

Linley, Liu et al. 2014).

This can be solved by investigating nanostructured support materials,

such as magnetic nanoparticles, besides retaining the ability to effectively
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disperse in solution, it also provides a convenient approach for removing and
recycling magnetic particles by applying external magnetic fields (Linley, Liu
et al. 2014). Therefore, in this section, TiO> nanoparticle was incorporated
with iron oxide (Fes04), utilizing its unique magnetic properties for the
convenient separation purposes at the end of each treatment. The Fe304
nanoparticle with different weight fractions were added to the TiO;
nanoparticle and were sintered between 200 to 450 °C. The optimum
addition of FesOs nanoparticle and sintering temperature were determined
through a series of photocatalytic performances measurements on the

degradation of organic dyes (i.e. methylene blue (MB)).

6.3 Results and Discussion

6.3.1 Morphology and Crystalline Structure of the Nanocomposite with

Different Sintering Temperature

Figure 6.1 shows the morphology obtained from FESEM for the 20 wt%
doped Fes304 of TiO2/Fes0s nanocomposites prepared at different sintering
temperatures. All samples showed homogeneous particle size with spherical
in shape. No agglomeration was observable across all micrographs with
highly porous structure. The average particle size as measured from the

micrographs are (82.3 £ 4.6) nm, (79.1 £ 6.2) nm, (97.5 £ 7.2) nm, (112 £
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12) nm, (103 £ 22) nm and (118 = 15) nm, for 200, 250, 300, 350, 400 and

450 °C sintering temperature, respectively.

This conveyed that sintering temperatures between 200 to 450 °C
have no significant effect on the size and shape of the final nanocomposites.
Similar morphology has been shown by Yassitepe et al. (2008) when they
sintered their nanoparticle to 700 °C. Nonetheless, when the samples were
sintered at 1050 °C, a significant changed in morphology was observed, such
as less porosity and bridges started to appear between the nanoparticles
(Yassitepe, Yatmaz et al. 2008). The FESEM results clearly show that the
sintering process in current study do not cause any significant changes on
the morphological properties of the nanocomposite materials. Sintering
process instead can improve the homogenization/densification to powder
mixtures and have been used widely in metallurgy and ceramic processing

(Bakhsh, Khalid et al. 2014).
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Figure 6.1: FESEM microstructures for TiO,/Fe304 nanocomposites
for different sintering temperature (200, 250, 300, 350, 400 and
450 °C).
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Figure 6.2 shows the XRD results for the prepared 20 wt% doped
FesOs4 of TiO2/Fes0s nanocomposites sintered at different sintering
temperatures. Similar peaks appeared in all samples which represented by
the TiO2 and Fes;04 phases. The TiO, peaks for (101), (103), (004), (112),
(200), (105), (211), (118), (116), (220) and (215) diffraction planes
represent the characteristic pattern of pure anatase phase of tetragonal
structure, in agreement with the Iliterature (JCPDS file #21-1272)
[Adachiliu2008], whereas the Fes04 peaks for (220), (311), (400), (422),
(511) and (440) diffraction planes represent the crystal of cubic spinel
structure, in accordance with the literature as well (JCPDS file #19-0629)
[WuXiao2011]. From these results, it confirmed that all of the TiO>/Fes0a4
nanocomposites have been prepared without any impurities as there was no

additional peak appeared in any of the XRD results.

The average crystallite size as calculated by using the Scherer
equation are (75.4 £ 3.9) nm, (78.5 £ 8.9) nm, (93.7 £ 8.3) nm, (105 +
13) nm, (107.1 £ 9.3) nm and (119 + 18) nm, for the 200, 250, 300, 350,
400 and 450 sintering temperature, respectively. These results show that
generally the average crystallite size of the nanocomposites is increased at

the elevated sintering temperature.
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Figure 6.2: XRD for TiO2/FesOs nanocomposites for different sintering

temperature (200, 250, 300, 350, 400 and 450 °C).
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The BET surface area and pore size for TiOz/Fes04 nanocomposites
sintered at different temperature are given in Table 6.1. From the table,
there is no significant difference on the surface area except for the sample
sintered at 400 °C, which has the value of 9.054 m?/g. Although the value is
different, the differences are insignificant. Similarly, the pore size and pore
volume are also very close amongst all samples, except for the sample
sintered at 350 °C, with the values of 47.59 nm and 0.09344 cm?/g,
respectively. These differences would certainly contribute some impact to

the photocatalytic performance of these TiO,/Fes04 nanocomposites.

Table 6.1: BET data for different sintering temperature for TiOz/FesO4

nanocomposites

Sintering BET Surface Area Pore Volume Average Pore
temperature (°C) (m?/qg) (cm?3/q) Size (nm)
200 7.926 0.05036 25.31
250 7.812 0.04978 26.09
300 7.835 0.05421 27.67
350 7.854 0.09344 47.59
400 9.054 0.04758 21.02
450 7.507 0.05088 27.11

From Figure 6.3, the EDX spectrum results for TiOz/Fe304

nanocomposites were reported. All the spectrums show the elements O, Ti
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and Fe, which are the core elements of the TiO2/Fe3s04 nanocomposites. The
element C depicted in all of the spectrums is due to the carbon tape that was
holding the nanocomposites. The weight percent (wt%) and the atomic

percent (At%) for the elements is given in Table 6.2. This result, together

with the XRD analysis indicates the prepared TiO,/Fe3z04 nanocomposites are

of high purity.

Ti Spectrum 1 T Spectrum 1
200 °C 250 °C
0
0
Ti Ti
C Fe Fe c Fe .
e
0 1 2 3 4 5 6 7 ] 9 10 0 1 2 3 4 5 6 7 ] g 10
Full Scale 899 cts Cursor: -0.277 (0 cts) keV Full Scale 899 cts Cursor: -0.277 (0 cts) keV
T Spectrum 1 Spectrum 1
T
300 °C 350 °C
0
0
e c
¢ Fe
Ti Ti Fe
Fe Fe
0 2 4 10 0 2 4 6 8 10
Full Scale 664 cts Cursor: -0.283 (0 cts) keV Full Scale 1449 cts Cursor: -0.486 (0 cts) kel
Spectrum 1 Spectrum 1
T
400 °C Ti 450 °C
0 0
¢ c
Ti Fe Ti Fe
Fe Fe
0 2 4 6 10 0 2 4 6 B 10
Full Scale 1449 cts Cursor: -0.486 (0 cts) keV Full Scale 1449 cts Cursor: -0.486 (0 cts) keV

Figure 6.3:

sintering temperature for TiO,/Fe3z04 nanocomposites.

Energy dispersive X-ray spectroscopy (EDX) for different
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Table 6.2: EDX data for different

nanocomposites

sintering temperature for TiOz/Fe304

Sintering
Element Wt% At%
temperature (°C)
C 5.31 10.90
0] 40.07 61.67
200 Ti 45.77 23.53
Fe 8.85 3.90
Total 100.00 100.00
C 4.89 8.63
0] 55.97 74.32
250 Ti 34.08 15.12
Fe 5.06 1.93
Total 100.00 100.00
C 15.70 28.11
0] 38.94 52.29
300 Ti 33.71 15.12
Fe 11.65 4.48
Total 100.00 100.00
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C 19.37 30.43

o) 48.55 57.24

350 Ti 26.74 10.53
Fe 5.34 1.80

Total 100.00 100.00

C 17.42 29.95

o) 40.63 52.42

400 Ti 34.47 14.86
Fe 7.48 2.77

Total 100.00 100.00

C 20.27 34.68

o) 37.10 47.67

450 Ti 32.14 13.79
Fe 10.49 3.86

Total 100.00 100.00
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6.3.2 Morphology and Crystalline Structure of Nanacomposite Doped with

Different wt% of Fes04

The microstructures for TiO./FesOs nanocomposites with different
weight percentage of Fes04 sintered at 300 °C, are shown in Figure 6.4. The
variation of doping of Fes04 is to obtain magnetic properties possessed by
the Fesz0s4 nanoparticles. However, the appropriate amount of Fes04 doped
need to be measured to obtain the optimum photocatalytic capability of the
nanocomposite. From the micrographs, there were no significant different in
the microstructure for all the samples. All samples show the TiO,/Fe304
nanocomposites were homogeneously distributed and spherically in shape.
There were no serious agglomerations as can be observed from the

micrographs.

The FESEM images show high porosity across all samples. These
features would contribute to a more pronounced photocatalytic performance.
The average particle size as directly measured from the micrographs are
(97.2 £ 9.0) nm, (82.4 £ 3.5) nm, (100.9 £ 5.3) nm, (88.3 £ 3.7) nm,
(101.0 £ 3.6) nm and (92.6 £ 7.2) nm for 20, 15, 12, 10, 5 and 1 wt% of

Fes04 doped, respectively, for the TiO>/Fes0s hanocomposites.
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Figure 6.4: FESEM microstructures for TiO,/Fez04 nanocomposites
for different wt% of Fesz04 (20, 15, 12, 10, 5 and 1 wt%).

240



The XRD results for the different wt% of Fe3Os doped TiO./Fe304
nanocomposites, as shown in Figure 6.5, show well mixed nanocomposites
with no impurities was detected. All the peaks for (101), (103), (004),
(112), (200), (105), (211), (118), (116), (220) and (215) diffraction planes,
can be represented by the characteristic pattern of pure anatase phase of
TiO, tetragonal structure, in agreement with the literature (JCPDS file #21-
1272), as well as the peaks for (220), (311), (400), (422), (511) and (440)
diffraction planes, represent the Fesz04 crystal of cubic spinel structure

(JCPDS file #19-0629).

This XRD results confirmed that the prepared nanocomposites retained
the crystalline structure and purity of the nanoparticles that were used in the
preparation of the TiO,/Fe;04 nanocomposites. The average crystallite size is
obtained by using the Scherer equation, yield the values of (105 £ 13) nm,
(117 £ 16) nm, (103 £ 16) nm, (124 + 18) nm, (134 £ 20) nm and (120 +
17) nm, for the 20, 15, 12, 10, 5 and 1 wt% of doped Fes;04, respectively.
The average crystallite size for Fesz0s is slightly smaller than the TiOa.
Therefore, with lesser amount of FesOs added to the nanocomposite, the
formation of the average crystallite size would change and was slightly
larger. These results show that the doping of Fesz0s nanoparticles has no

significant impact on the average crystallite size of the hanocomposites.
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Figure 6.5: XRD for TiO,/Fes04 nanocomposites for different wt% of FesOa4

(20, 15, 12, 10, 5 and 1 wt%).
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Table 6.2 shows the BET surface area and pore size for the TiOz/Fez04
nanocomposites with different wt% of FesOs. The table shows insignificant

differences for the surface area and pore size throughout all the samples.

Table 6.2: BET data for different wt% of Fes04 for TiO2/Fes04

nanocomposites

Weight percent of | BET Surface Area Pore Volume Average Pore
Fes04 (Wt%) (m?/g) (cm?3/qg) Size (nm)
20 7.854 0.09344 47.59
15 7.513 0.06132 40.57
12 7.672 0.07315 36.38
10 6.836 0.05841 42.11
5 6.578 0.06561 39.89
1 6.977 0.05935 34.03

The EDX for different wt% of Fes0s doped into the TiO./Fe304
nanocomposites were depicted in Figure 6.6. Similarly, as could be observed
from the spectrum, the main elements, such as O, Ti and Fe, were the
elements detected, which are the main elements of the TiO,/Fes04
nanocomposites. The EDX data, wt% and At%, for different wt% doped
Fes;04 of TiOz/Fes04 nanocomposites was listed in Table 6.4. These results

coupled with the XRD analysis confirmed the purity of the prepared
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TiO2/Fe304 nanocomposites which scrutinised their crystalline and single

phase structure.
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Figure 6.6: Energy dispersive X-ray spectroscopy (EDX) for different wt% of

Fes04 for TiO2/Fez04 nanocomposites.
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Table 6.4: EDX

nanocomposites

data for different

wt% of Fes304

for TiO2/Fe304

wt% Fes304 Element wt% At%
C 19.37 30.43

o 48.55 57.24

20 Ti 26.74 10.53
Fe 5.34 1.80

Total 100.00 100.00

C 16.41 27.52

@) 44,91 56.54

15 Ti 33.27 13.99
Fe 5.41 1.95

Total 100.00 100.00

C 15.13 26.15

0o 43.28 56.15

12 Ti 36.40 15.78
Fe 5.19 1.92

Total 100.00 100.00

C 14.12 25.13

0 41.20 55.06

10 Ti 42.50 18.98
Fe 2.18 0.83

Total 100.00 100.00
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C 14.08 25.02
o) 41.39 55.21
Ti 43.48 19.37
Fe 1.05 0.40
Total 100.00 100.00
C 12.97 23.03
o) 43.13 57.47
Ti 43.22 19.24
Fe 0.68 0.26
Total 100.00 100.00
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6.3.3 Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) micrograph and
histogram for the 1 wt% doped Fes:0s sintered at 350 °C for TiOy/Fe304
nanocomposites are shown in Figure 6.7. The micrograph shows the
nanocomposites were globular and granular in shape with various size of

microstructures.

It depicts a wide range of particle size distribution and the average
particle size as directly measured from the micrograph is (86.2 £ 9.0) nm.
The details of the size distribution could be obtained from the particle size
distribution histogram in Figure 6.7. The average particle size was quite
different if compared to the crystallite size obtained from the XRD analysis.
On the other hand, the average particle size is quite close to the size

measured from the FESEM micrograph.
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Figure 6.7: TEM micrograph and Particle size distribution histogram for

TiO2/Fe304 nanocomposites.
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6.3.4 Photocatalytic Study for Different Loading of TiOz/Fe304

The photocatalytic study on the 20 wt% doped Fes304 sintered at 300
°C of TiO/Fes04 nanocomposites with different percentage of loading was
given in Figure 6.8. Sample without photocatalyst showed it was self-
degradable although in a very low degradation rate. For samples with
TiO2/Fe3s04 nanocomposites, significant degradation was achieved as more
than 90% photodecomposition of the dye was recorded at the end of 90
minutes of irradiation. The photocatalytic degradation rate of MB by using
the TiO,/Fes04 nanocomposites follows the pseudo-first-order kinetics of the
LH model. Sample with 1 wt% loading of TiO,/Fe3;04 nanocomposites
appeared to be the slowest performer whereas sample with 3 wt% loading of
TiO,/Fe304 nanocomposites was the fastest. This could be explained due to
smaller surface area possessed by the 1 wt% sample as compared to the 3
wt% sample. As the amount of loading was less, the availability of the active
surface area was insufficient for optimum amount of organic contaminants to
be absorbed on the photocatalyst surface, therefore lower the photocatalytic
rate as compared to the other samples with higher loadings (Emeline, Zhang
et al. 2012). Although with increasing of the photocatalyst loading increased
the adsorptive effect, however extreme addition of the photocatalyst loading
creates the opacity effect to the solution which caused shallow penetration of
light into the solution. Subsequently, it will lower the amount of photons
light reaching the surface of the photocatalyst and hence distort the

photodegradation rate (Devi and Kavitha 2013).
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Figure 6.9 shows the numerical values and bar graphs for the
degradation rates with the increase of the TiO2/FesOs nanocomposites
loading. As the amount of loading increases, it is clearly seen that the
degradation rate was gradually increased, i.e. from 0.0296 to 0.0406 min?,
for the 1 wt% to 3 wt%, respectively. The significant increase in the
degradation rate is due to the increase in the surface area, thus the
availability of the active sites (Chong, Jin et al. 2010). However, as the
amount of loading increases further, the degradation rate shows a declination
to 0.0362 min! for the 6 wt% loading. This is due to the opacity of the
colloidal suspension in the solution which decreases the amount of light
photon to reach greater number of the nanocomposites (Dozzi and Selli
2013). Therefore, as the loading increases, shorter path could be reached by
the light, and as a consequent decreased the degradation rate. From the
figure, it is confirmed that the degradation rate with 3 wt% of TiO/Fe304
nanocomposites loading was the highest rate with the value of the kinetic

constant of 0.0406 min~! and R2 of 0.9977.
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6.3.5 Photocatalytic Study for Different sintering temperature

Figure 6.10 shows percent degradation of the 20 wt% doped FesO4 of
TiO2/Fe3z04 nanocomposites samples that sintered at different temperature.
The results showed that all samples able to degrade the organic dye
significantly, with just small deviation observed. All samples managed to
achieve more than 95.0% organic contaminant photodegradation after 90
minutes irradiation duration, except for the sample sintered at 450 °C with
only 90.1%. This slight difference in the percentage degradation could be
due to its highest crystallite size, which is (119 £ 18) nm, as compared to its

counterpart. As a consequent, it possessed slightly lower surface area, as
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recorded in Table 6.1. Since surface areas determine the amount of the

active sites, therefore, its percentage degradation was slightly lower.

It is in agreeable with the preparation of titanium-tungsten (TiO2/WQO3)
mixed oxides by Dozzi et al. (2016) who reported smaller size of anatase
nanoparticles were formed when small amounts of tungsten was added to
titania. As a consequence, the composites formed have slightly larger
specific surface area as compared to pure TiO,. This is due to the ability of
tungsten inhibiting the crystal growth of anatase. Therefore, the slight
increase in surface area has contributed to the higher photocatalytic

degradation of the TiO,/WOQO3 materials (Dozzi, Marzorati et al. 2016).
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Figure 6.10: Percentage degradation of MB by TiO,/Fes04 nanocomposite at

different sintering temperature.
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From the degradation rate results in Figure 6.11, it shows that all
samples having quite similar degradation rate except the sample with 450 °C
sintering temperature. The degradation rate of MB for the nanocomposites
sintered at different sintering temperature follows the pseudo-first-order
kinetic of the LH model. It shows that samples with 300 and 350 °C sintering
temperatures were having the highest degradation rate. From Figure 6.12, it
can be seen that the kinetic constant for 300 and 350 °C sintering
temperature were 0.0375 and 0.0377 min™!, respectively. It is obvious that
the nanocomposite sintered at 350 °C was having the highest kinetic

constant, and hence fastest rate to degrade the organic contaminant.
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6.3.6 Photocatalytic Study for different wt% of FezO4

All samples were added with 3 wt% of TiO,/Fe304 nanocomposites, an
optimum loading as obtained from the previous study. From Figure 6.13, it
can be seen that all samples with TiO,/FesO4 nanocomposites were able to
significantly degrade the MB dye. It shows that sample with 1 wt% doped of
Fes04 gained the highest percentage of degradation, achieving 98.7% in 60
minutes of irradiation. As more Fes30s4s was doped into the TiO/Fes30a4
nanocomposites, the photocatalytic performance gradually dropped, as well
as the final percentage degradation at the end of the 60 minutes irradiation.

This could be due to the decreased of the effective surface area for TiO;
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nanoparticle as higher amount of the FesO4 nanoparticle was mixed with TiO>
nanoparticle. Therefore, when more Fes04 nanoparticle was attached to TiO»
nanoparticle, the photocatalytic active surface area of the TiO/Fe304
nanocomposites would decrease as well. This is because Fesz04 do not
possess any promising photocatalytic activity (Singh, Barick et al. 2013).
Therefore, as more Fes04 nanoparticle was added, less effective surface area,
contributed by the TiO2 nanoparticle, remains; thus decreasing the
degradation efficiency of the nanocomposite material on the organic

contaminant.
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Figure 6.13: Percentage degradation of MB by different substitution of Fe;04

into TiO2/Fe304 nanocomposite
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The doping of the Fe304 into the TiO»/Fes0s4 nanocomposites has
perturbed the performance of the nanocomposites. Figure 6.14 shows a
gradual decrease of the degradation rate with the addition of the Fez04
nanoparticle into the TiO,/Fe304 nanocomposites. The figure also shows that
the gradients for all the samples doped with different wt% of Fe3;04 agreed

well to the pseudo-first-order kinetic of the LH model.
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Figure 6.14: Degradation rate of MB by different addition of Fe304 into TiOz/

Fe3s04 nanocomposite

The overall values for the kinetic constants for different wt% of Fez04
doped into the TiO,/Fe304 nanocomposites were given in Figure 6.15. The
value of the kinetic constant is 0.0729 min~! when only 1wt% of Fe3;04 was
doped into the TiO,/Fes04 nanocomposites. However, the value dropped
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more than half to 0.0330 min~! when the amount of Fe3s04 doped increased to
20wt%. A steep decline is observed for the kinetic constant when Fez04
doped into the TiO2/Fe304 nanocomposites increases from 1 to 20wt%. This
results show that doping of FesO4 into the nanocomposite significantly hinder
the active sites of the TiO,/Fes04 nanocomposites. Since the introduction of
the FesO4 into the nanocomposite did not contribute to its photocatalytic
performance but instead worsen it, therefore it is good to have optimum
amount of FesO4 in the nanocomposite so that the magnetic properties can
be incorporated while maintaining its photodegradation efficiency. The

optimum amount of Fe3z04 doped is 1.0 wt%.
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6.3.7 Vibrating Sample Magnetometry Analysis (VSM)

The prepared TiO2/Fe304 nanocomposites magnetic characteristic was
measured by using the VSM and the result is shown in Figure 6.16. From the
figure, it was clearly shown that TiO>/FesOs nanocomposites has gained
significant magnetic characteristic after it was added with Fesz04 nanoparticle.
TiO2 nanoparticles on the other hand, do not possess any noticeable
magnetic properties. The TiO, nanoparticle shows none existence of
magnetic properties, which is obviously a diamagnetic characteristic. On the
other hand, TiO,/Fes04 nanocomposites clearly exhibits ferromagnetic
hysteresis loops, which is the soft ferromagnetic characteristic. Saturation
magnetisation are induced in the presence of magnetic field and very minor
coercivity were shown by the TiO,/FesOs nanocomposites. TiOz/Fe304
nanocomposites exhibits high susceptibility from the induction magnetisation
results where magnetic field of 1584 Oe is required to induce 92.7% of the
total magnetization. It has a magnetisation value of 5.543 emu/g when the

applied magnetic field was 4033 Oe.
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Figure 6.16: Hysteresis loop for TiO, (TiO2) and TiOy/Fes304 (TiF)

nanocomposite powders.

6.3.8 Magnetic separation analysis

Figure 6.17 shows the exploitation of the magnetic properties to
separate the TiOy/Fesz04 nanocomposites through magnetic induction. The
amount used to disperse the TiO,/Fe3z04 nanocomposites is 3.0 mg, which is
the optimum amount obtained from the study. When the TiO>/Fes04
nanocomposite has completely degraded the MB dye, the suspension appears
to be light-orange in colour. In an instant after the vial with the treated

solution was placed near a permanent magnet with magnetic field strength of
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0.6 T, the separation of the colloidal suspension is detected. The motion of
the colloidal suspension was clearly seen moving towards the magnet and a
light-orange mass gathered proximity of the vial wall. The colloidal
suspension gradually becomes discoloured and finally becomes clear. The
suspension of the TiO,/Fe;04s nanocomposites was attracted toward the wall
of the vial closer to the magnet. This implies the complete physical
separation of the suspension is achieved. The TiO2/Fes04 nanocomposites
remains dispersible and no irreversible agglomeration occurred after the
removal of the magnetic field. This shows that TiO,/Fe304 nanocomposites
has been successfully prepared with its ability to be separated by applying

the magnetic field.
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Figure 6.17: Separation of TiO,/Fes04 powder in degraded MB dye solution

by applying a magnetic field.

6.3.8 Repeatability analysis

In order to gain an insight on photocatalytic stability of the 1 wt%
doped Fes0s4 sintered at 350 °C of TiO,/Fes0s nanocomposites, the recycling
experiment was conducted through similar experimental conditions. It is

very important for the TiO»/FesOs nanocomposites photocatalyst to go
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through the recycling experiment in making sure the photocatalyst is
durable, stable and last long for practical application purposes. After the
photodecomposition for the first run, the nanocomposite was retrieved
through magnetic separation so that it can be used for the subsequent
analysis. Figure 6.18 shows that no significant changes were seen in terms
of degradation efficiency throughout the three runs, with the percentage of
degradation of 84.19, 87.32 and 87.92% for the first, second and third run,
respectively. It shows that this TiO,/Fes04 nanocomposites has no memory
effect since the percentage of decomposition do not decrease after retrieved
and reused for 3 times. In addition, this also shows that the prepared
TiO,/Fe3z04 nanocomposites have high photocatalytic stability which can be
retrieved easily by using external magnetic field and to be reused in the

subsequent treatment process.
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6.4 Summary

From the above results and discussion, it indicates that the
preparation of the magnetic TiOy/Fes0s4 nanocomposites have been
successfully  achieved. Detail characteristics of the magnetic
nanocomposites, such as loading amount of photocatalyst, appropriate
doping of Fe304 nanoparticle and sintering temperature have been performed
to determine the optimum processing parameters. The optimum loading
amount of the TiO,/Fe3z04 nanocomposites for highest degradation rate was
3.0 wt%. The appropriate ratio for the doping of FesOs into the TiO;
nanoparticle as well as the sintering temperature of the TiO,/Fes04 magnetic
nanocomposite has also been obtained. The optimum amount for Fes3O4
doped was 1 wt% with sintering temperature of 350 °C. The TiO2/Fe304
nanocomposites was also successfully retrieved and reused, without any

significant changes on the photocatalytic capability.
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CHAPTER 7

Photodecomposition of Few Dyes by ZnO/Fez04

7.1 Introduction

There have been various coloured chemical substances generated
within the last few decades, 10,000 of which are industrially produced. On a
global scale, over 0.7 million tons of organic synthetic dyes are manufactured
each year mainly for use in textile, leather goods, industrial painting, food,
plastics, cosmetics, and consumer electronic sectors. Considerable amounts
are discarded into the wastewater during the process. Wastewater from
industries is highly polluted because of most of the dyes that are used
contain benzoic groups, which could give rise to carcinogenic degradation
products due to e.g. microbial processes. But this is not all, the dye pollution
generate many problems in the photosynthetic aquatic plants and algae
because the dye absorbs most of the light the organisms need to survive

(Das, Dey et al. 1995, Banat, Nigam et al. 1996).

Textile dyes and other industrial dyestuffs constitute one of the largest
groups of organic compounds that represent an increasing environmental
danger. About 10-20% of the total world production of dyes is lost during
the synthesis, dyeing, printing and finishing process and is released in the

textile effluents. It was estimated that about 615 tons of this toxic and
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recalcitrant dyes being released into the environment and ecological system
each day (Houas, Lachheb et al. 2001, Giwa, Nkeonye et al. 2012). The
release of those coloured wastewaters into the environment is a critical
source of non-aesthetic pollution and eutrophication and can originate
dangerous by-products through oxidation, hydrolysis or other chemical
reactions taking place in the wastewater phase (Bian, Tachikawa et al.

2012).

Therefore, decolourization and detoxification of organic dye effluents
have taken an increasingly important environmental significance in recent
years. Moreover, water recycling from the wastewater effluent has been
recognised to be a strategic approach in water sustainability management to
minimise the growing water element in a water-scarce environment (Ahmed,

Rasul et al. 2010).

7.2 Background Study

The amount of wastewater from the textile industries is abundance
and it keeps on escalating with the effects of the growing demand for the
textile products. The release of wastewater into the environment can be the
reason for serious health and environmental problems because textile
industries use many chemical compounds, including dyestuffs. The dyestuffs

in wastewater and their breakdown products might have toxic and/or
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mutagenic features to life (Weisburger 2002). Without any treatment, these

dyes can be stable and remain in the environment (Hao, Kim et al. 2000).

Optimization procedure for the treatment of dye wastewater is an
enormous task, made extremely complex by the thousands of dyestuffs
currently commercially available. Dyes among the various classes (e.g., azo,
anthraquinone) exhibit different chemical characteristics and, consequently,
respond differently to treatments that focused at their particular classes.
Industries group dyes into their chemical classes such as azo, anthraquinone,
sulfur, indigoid, triphenylmethyl (trityl), and phthalocyanine derivatives
(Forgacs, Cserhati et al. 2004). As discussed in the earlier chapter, the
impact of the pollution into the environment could be removed, or reduced,
from the wastewaters through three kinds of treatment techniques, such as
chemical, physical and biological treatment techniques (Robinson, McMullan

et al. 2001, Pearce, Lloyd et al. 2003).

Reactive dyes is a class of highly coloured organic substances and
widely used in textile industry. It is also due to some advantages that this
class of dyes have such as wide variety of colour shades, easy of application,
good colour fastness and brilliant colour. Reactive dyes bind to their
substrates by chemical reactions that form covalent bonds with reactive
groups, such as OH, NH or SH in fibers such as cotton, nylon and wool (Lewis

and Loan 2007). Synthetic dyes such as azo dyes, xanthene dyes and
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anthraquinone dyes are not environmental friendly due to their toxicity to

living organisms (Meyer 1981).

Azo dyes are the largest group of dyes with large industrial application.
They stand for almost 70% of the textile dyestuffs produced by weight
(Knackmuss 1996). Besides, azo dyes are cost-effective due to their
synthesis ease and versatility (Saroj, Kumar et al. 2014). They are used in
the colouring process of several textiles and leather products due to their
variety in colour compared with natural dyes. Azo dyes contain at least one
or more azo groups (-N=N-) double bond with one or more aromatic
systems (Wong and Yuen 1998). Azo dyes are classified into two subgroups
according to number of their double bond as mono-azo and poly azo types
for one and more double bond, respectively (Zollinger 1987). There are high
amounts of azo dyes in the environment because of breakdown of azo bonds
(R-N=N-R) is quite difficult and they can be stable in acidic and alkaline
conditions. They are resistant to high temperatures and light (Wong and
Yuen 1996). In addition, their reductive degradation products, especially
aromatic amines, are mutagenic (Chung, Stevens et al. 1992).
Anthraquinone dyes represent the second most important class of textile
dyes. They have a large range of colours. Anthraquinone dyes are used to
colour cellulosic fabric, wool and polyamide fibres (Katsuda, Omura et al.

1997).
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Dye wastewaters are extremely variable in composition, due to large
number of dyes and other chemicals used in dyeing processes. Many
researchers have placed tremendous attention towards textile wastewater
treatment processes, not only due to their colour, but also on its toxicity of
most of the raw materials used to synthesize dyes (e.g., certain aromatic
amines used to produce azo dyes). In addition, textile dye wastewater is
generally nutrient deficient which is needed for biological treatment,
however, can be provided by mixing the dye wastewater with appropriate

nutrient as required.

7.3 Results and Discussion

In this experiment, 5 sample dyes, Reactive Red 120 (RR120),
Disperse Blue 15 (DB15), Acid Brown 14 (AB14), Orange G (OG) and Acid
Orange 7 (AO7), have been randomly picked for the study of the
decomposition processes by the ZnO/Fesz0s4 nanocomposites materials. All
dyes were subsequently decomposed, with different degradation rate, when
the ZnO/Fe30s nanocomposites material is added into the individual dye

solutions.
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7.3.1 Effect of Azo Functional Group on the Photodegradation Rate

From Figure 7.1, it shows that the rate of degradation decreases with
the decreased of the number of azo functional groups, from diazo (for

RR120, DB15, AB14) to monoazo (for OG, AO7) dyes.

The results could be explained through the photocatalytic degradation
study by Hu and his co-workers (2003b) on the triazine-containing azo dyes,
Procion Red MX (MX-5B) and Reactive Brilliant Red K-2G, in aqueous
suspension of TiO,. The complete decolorization for the MX-5B and K-2G
dyes were recorded at 120 and 60 minutes of irradiation, respectively. They
found that the decolorization and desulfuration for both dyes have taken
place at almost the same rate simultaneously (Hu, Yu et al. 2003). The
effectiveness of the degradation depends on the chemical structure and the
substitute groups of the organic pollutants (Behnajady, Eskandarloo et al.
2011). This K-2G dye is adsorbed to TiO; surface through sulfonate group
and the degradation took place via the hyw* and surface-bounded ¢OH
radicals on the TiO; surface or near the interface of solid and solution (Li and

Wang 2004).

Hu et al. (2003) reaffirmed that the oxidation of the azo group by the
*OH radicals was taken placed, firstly, at the C-N single bond between the
azo group and benzene or naphthalene ring, followed by the double bonds of

the azo group (Hu, Yu et al. 2003). Therefore, with higher number of azo
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group certainly contributes more C-N single bonds in the particular organic
dyes. The number of C-N single bonds is counted as 12, 6, 4, 2 and 2 bonds
for the RR120, DB15, AB14, OG and AQO7 dyes, respectively. On the other
hand, the number of sulfonate group for RR120, DB 15, AB14, OG and AO7
dyes are 6, 4, 2, 2 and 1, respectively. Since these two chemical processes
going on simultaneously, they enhanced the decolourisation process and thus
the results in Figure 7.1 was recorded. In the same year, Hu et al. (2003)
has also reported very detail study on the degradation of the cationic blue X-

GRL dye by the TiO,/SiO, photocatalyst (Hu, Tang et al. 2003).

On the other hand, although Abo-Farha (2010) reported that monoazo
dye (AO10) was easily degraded as compared to the diazo dye (AR114) at
their optimal conditions, which are different for each dye, such as H,0; dose
and photocatalyst loading were recorded as 10 mM and 0.05 g/L and 50 mM
and 0.15 g/L for AO10 and AR114, respectively. Nonetheless, at dye
concentration of 1.0 x 10™* M, the diazo dye (AR114) has higher degradation

rate than the monoazo dye (AO10) (Abo-Farha 2010).
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Figure 7.1 The kinetic constant and azo functional group of five dyes under

decomposition of ZnO/Fe304 composites nanoparticles.
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7.3.2 Effect of Benzene Group on the Photodegradation Rate

Figure 7.2 shows the kinetic constant in relation to the number of
benzene functional group. The graph showed that the dyes degraded faster
for dyes with higher number of benzene group. This result could be similarly
explained from the point of the different structures and substituent groups
possessed by those organic dyes. A study by Hu et al. (2006) on the
degradation of four azo dyes (reactive red K-2G, reactive brilliant red X-3B,
reactive red K-2BP, and reactive yellow KD-3G) in AgI/TiO, aqueous
dispersions under visible light irradiation (A = 420 nm) could explain this
result in details (Hu, Hu et al. 2006). The result they obtained from the FT-
IR spectra and further confimed by the GC-MS result, has strengthen and
clearly identify the generation of reaction intermediates during the first 10
hrs and 30 hrs of the photodegradation of the organic dyes. They found that
the broken of the azo bond and the benzene ring, as well as desulfuration

occurred as when the decolourisation takes place.

Moreover, while phthalic acid was formed by the hydroxylation of
naphthalene ring, glycerol and benzoic acid were still detectable from the
solutions. As the measurement was made for the following irradiation
duration, benzoic acid and phthalic acid were all oxidised into different

aliphatic acids, such as 2-hydroxy-propanoic acid and succinic acid.
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In addition, in another report by Hu et al. (2003) on the
photodegradation of an azo dye, cationic blue X-GRL, solution with the
suspension of TiO»/SiO> photocatalyst particles, could further clarify the
above report (Hu, Tang et al. 2003). In this report, their characterization on
the reaction solution by FT-IR during the first 2 hrs of irradiation has
depicted a complete disappearance of the absorption band from the benzene
ring and the C-N of aromatic amide when the colour has totally cleared.
Therefore, the result from this experiment is fairly accommodates the earlier
reported studies which the rate of degradation is directly proportional to the

number of benzene group.
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Figure 7.2 The kinetic constant and benzene functional group of five dyes

under decomposition of ZnO/Fe304 composites nanoparticles.
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7.3.3 Effect of Molecular Mass on the Photodegradation Rate

Figure 7.3 shows the change of the dyes molecular mass with their
rate of degradation. The degradation rate decreased proportionally with the
decreases of dyes molecular mass. A study was conducted by Ong and his
group of researchers (2012) on the photocatalytic degradation of mono azo
dyes, acid orange 7 and methyl orange, under solar light irradiation with TiO;
as a photocatalyst (Ong, Min et al. 2012). They applied several operational
parameters in the process to determine the degradation rate of the azo dyes.
Their data fitted well with the pseudo-first-order kinetic derived from the
Langmuir-Hinshelwood kinetic model. Their result showed that AO7 was
degraded more rapidly than MO dye. This could be attributed to the different
molecular structure of the azo dyes and the capability of the dyes to be
adsorbed onto the TiO; surface (Ong, Min et al. 2012). In addition, AO7 has
a higher molecular mass (Mw,n07 = 350.32 g/mol) as compared to the MO

(Mw,mo = 327.33 g/mol) dye.

In this study, RR120 has higher molecular mass as compared to OG
and AO7. Therefore, it has many molecular structures such as C-N single
bonds and higher number of sulfonate group. Photocatalytic degradation
process normally takes place at these functional groups, which indicates that
the degradation took place by attacking these structures. Therefore the
photodecomposition rate for RR120 was higher, due to the higher number of

reaction sites available.
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7.3.4 Effect of Absorbance on the Photodegradation Rate

Absorbance is the measure of the amount of light absorbed by a
material (chemical substance). The basic principle is that each chemical
compound absorbs or transmits light over a certain range of wavelength.
This analysis is used because absorbance increases linearly with the
increasing concentration of the absorbing compounds. As can be seen from
Figure 7.4, the degradation rate decreased as the absorbance increases.
Although the absorbance for AB14 and OG is seemingly very close, there is
actually an increase in the absorbance between AB14 (1.3679) and OG
(1.4202). Therefore, when the degradation rate decreased, there is an
increase in the absorbance value, albeit is very minimal. The reason is

unknown and recommended for future study.

The report by Hu and his co-workers (2003) on the photodegradation
of Procion Red MX (MX-5B) and Reactive Brilliant Red K-2G (K-2G) dyes, with
similar concentration of 100 mg/L, in aqueous suspension of TiO, (Hu, Yu et
al. 2003). The molecular mass for MX-5B and K-2G is 615.33 and 876.077
g/mol, respectively. The absorbance for MX-5B (~0.78) is higher than the K-
2G (~0.34) dye. Moreover, the K-2G dye was completely decolourised in
just 1 hour whereas the MX-5B dye took 2 hours (Hu, Yu et al. 2003). This
result was in agreement with the result obtained in this study, as shown in
Figure 7.4. This clarify that the absorbance is inversely proportional to the

rate of decolourisation, for the same concentration of dyes.
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7.4 Summary

The study on 5 dyes, Reactive Red 120 (RR120), Disperse Blue 15
(DB15), Acid Brown 14 (AB14), Orange G (OG) and Acid Orange 7 (AO7),
with the addition of ZnO/Fesz04 composites nanoparticles under UV light
irradiation has been conducted. The results of this study can be concluded
that the degradation rate of the organic dyes is directly proportional to the
number of azo groups, the number of benzene groups, the molecular weight
of the dyes and inversely proportional to the absorbance of the dyes’

solution, as depicted in Figure 7.5.
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Figure 7.5 The kinetic constant of five dyes with various operational

parameters under decomposition of ZnO/Fes04 composites nanoparticles.
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CHAPTER 8

Conclusion and Proposition

8.1 Conclusion

Current study is focusing on developing new magnetic photocatalytic
nanocomposites through a simple, facile and cost-efficient preparation
method. These nanocomposites would consist of dual functions which could
significantly photodegrade organic contaminants and as well as separation of
the nanocomposite through magnetic induction. During the process of
realizing these nanocomposites materials, several aspects were monitored,

such as the preparation, characterization and photocatalytic performance.

There were two novel nanocomposites have been prepared, which
include ZnO/Fe304 and TiOz/Fe304 nanocomposite materials. ZnO and TiO;
are chosen in this study due to their highly researched photocatalytic
materials with excellent photocatalytic activity. Besides, these two oxides
are nontoxic, structurally stable, low cost and widely available (Topkaya,
Konyar et al. 2014). They are effective photocatalyst under UV light
irradiation due to their quite similar and wide band gap of 3.2 eV at room
temperature (Topkaya, Konyar et al. 2014). On the other hand, FesO4

nanoparticles are used for its magnetic characteristic since it does not
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contribute significant impact towards photocatalytic decomposition of organic

contaminants (Singh, Barick et al. 2013).

The initial part of the study was performed by scrutinizing the physical
characteristics and photocatalytic performance of the three oxides, i.e. ZnO,
TiO2 and Fes04 nanoparticles. The ZnO nanoparticles consist of variation of
shape from square like to elongated shapes. Its particles were well dispersed
accompanied with some pores, and no agglomeration was observed. The
particle size was measured within the range of 48 - 778 nm (32 - 381 nm
for TEM). The XRD and EDX analysis confirmed the purity of ZnO in the form
of wurtzite hexagonal crystal structure and that matched with the standard

JCPDS card.

On the other hand, TiO, nanoparticles exist in the form of spherical
shapes. It exists as a tetragonal crystal structure and its particle size was in
the range of 32 - 175 nm (32 - 206 nm for TEM). In addition, Fes04
nanoparticles appear as a pure cubic crystal structure with particle size in the
range of 16 — 190 nm (23 - 134 nm for TEM). From the micrograph, FesOa4
also shows no agglomeration with well dispersed and high porosity

nanoparticles.

These three nanoparticles were initially employed for the
decomposition of the MB dye followed by PR and MO dyes. These three dyes

were chosen as model dyes due to their different functional groups to
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observe their photodegradeability processes. Amongst these dyes, only MB
is self-degradable, which means it was slowly degraded under the UV light
with the absence of the photocatalyst, while this is not being observed for

the other two dyes.

For the photocatalytic measurement, ZnO nanoparticles was found to
be the better photocatalytic material as compared to TiO, and Fe304, whereas
the weakest is the FesOs nanoparticles. The kinetic constants (and
correlation coefficient) for the degradation of MB dye with concentration of
12.0 ppm, were 0.2221 (0.9913), 0.1012 (0.9861) and 0.0040 min-!
(0.9904), for ZnO, TiO, and Fes04 nanoparticles, respectively. On the other
hand, the hardest dye to decompose was the MO dye, followed by PR and
MB. It were recorded that the kinetic constants (and correlation coefficient)
for 12.0 ppm concentration of MO dye, when decomposed with ZnO, TiO, and
Fesz04 nanoparticles, were 0.0868 (0.9427), 0.0103 (0.9925) and 0.000030
min~! (0.1302), respectively. MO dye is the most recalcitrant organic
material which possesses the azo functional group (-N=N-), whereas PR is a
form of zwitterion (dipolar ion) cyclic group with sulfate and ketone group
attached to it. It is a pH indicator that is frequently used in cell biology
laboratories. On the other hand, MB is a heterocyclic aromatic chemical

compound and a cationic thiazine dye.

For different initial concentration of dyes, it can be deduced that the

percentage of degradation was higher for solution with lower concentration
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for the same duration of irradiation, which means that the percentage
degradation is inversely proportional to the concentration of the solution. In
addition, the photodegradation rates were highly depending on the types of

organic dyes and the amount of the nanocomposites photocatalyst loading.

The second part of this study is to fabricate ZnO/Fe304 and TiOz/Fe304
nanocomposites from the ZnO, TiO, and Fes0s nanopowders. These
nanocomposites photocatalysts were prepared through mechanical mixing
method. The prepared nanocomposites were well mixed with no
agglomeration and were homogeneous. Their average diameter could be
recorded within the range of 94 - 259 nm, that is (162 £ 12) nm. It exists
as mixed of pure wurtzite crystal of ZnO and cubic of FesOs and can be
matched with the standard JCPDS pattern. Similarly, for the TiO/Fes04
nanocomposites, the XRD patterns show that the prepared nanocomposites
are highly crystalline with both TiO, and FesOs4 crystalline structures co-
existed in the spectrum. Their average diameter is recorded within the range

of 44 - 171 nm, that is (86.2 £ 9.0) nm.

Through a measurement with VSM, both of the nanocomposites exhibit
attractive magnetic characteristic. The nanocomposites were successfully
retrieved by applying an external magnetic field. Each nanocomposites can
be reused for the consecutive decomposition process. Based on the analysis,
the nanocomposites were found to be reused for up to three consecutive

treatments without huge drop in the photocatalytic performance. Only slight
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deactivation throughout the three runs especially for the ZnO/Fez04
nanocomposites photocatalyst. This may be due to the memory effect such
as the earlier remnants that attached onto the surface of the nanocomposites
and disturbed the stability of the reactive sites available for the

photocatalytic process to take place.

The prepared ZnO/Fesz0s4 and TiOz/Fes0s nanocomposites were
employed for the decomposition of MB. The ZnO/Fes0s nanocomposite
photocatalyst has been successfully scrutinized by having the optimum
loading of 9.0 wt%, 10 wt% of doped FesO04 and 300 °C of sintering
temperature. On the other hand, the optimum loading for TiO./Fes04
nanocomposites is found to be 3.0 wt%. TiO,/Fes04 nanocomposites doped
FesO4 and sintering temperature is achieved at 1.0 wt% and 350 °C,
respectively. The prepared nanocomposite was equally effective in degrading

the organic dye as compared to the commercial materials.

In addition, the ZnO/Fesz04 nanocomposites photocatalyst has also
been utilized to study the photodegradation of 5 different organic dyes,
Reactive Red 120 (RR120), Disperse Blue 15 (DB15), Acid Brown 14 (AB14),
Orange G (OG) and Acid Orange 7 (AO7) in order to evaluate the effect of
number of azo groups, benzene groups, molecular mass and absorbance on
the photodegradation efficiency. It is found that the degradation rate
increases with the increased of the azo group. Similar observation was

obtained for the photocatalytic efficiency with the benzene group which
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shows higher degradation rate with the presence of higher numbers of
benzene group in the organic dye molecule. Next, the analysis was
scrutinised at the effect of the molecular mass on the photodegradation rate.
It was found that the degradation rate increased when applied with higher
molecular mass of organic dye. Moreover, when the effect of absorbance
was studied, it shows an inverse relationship with the photodegradation rate,
that is the photodegradation rate decreases with the increased of the

absorbance.

8.2 Future Recommendation

It is undeniable that this study has achieved a significantly new way to
prepare magnetic photocatalytic nanocomposites with good photoreaction
and magnetically separable. This novel finding would greatly contribute and
assist for the technological treatment in the textile as well as other dyes
related industries. However, there are still many routes for improvement
and optimization to be realized as commercially applicable and reliable
materials. Therefore, proper focus needs to be placed on the surface area
optimization as well as the reactor design to facilitate the mass scale

production of these nanocomposites materials.

First property that needs to focus is the surface area. Currently, the

raw powder was commercially obtained, which was used without any
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modification. Their surface area is comparatively smaller, that is 2.406 and
6.795 m?/g, for ZnO and TiO,, respectively. Therefore, to improve the total
surface area of the raw materials, the preparation method, especially mixing
of the semiconductor oxides need to be improved. One of the common
methods, which is a typical solid state reaction method is by mixing and
ground manually in an agate mortar to obtain fine powder. Using agate
mortar would certainly results in a smaller particle size for the mixed powder.
Then the mixture can be applied to any required calcined temperature as

required to obtain the final nanocomposite powder.

On the other hand, to further improved the mixing process and particle
size, which is size reduction, is through mechanical ball mixing, which is a
commercial and practical ways of mixing powder. The ball milling process
offers several benefits which include particle size reduction, mixing/blending,
and particle shape changes. The common ball mill used is a planetary ball
mill; a bowl sits on a grinding platform equipped with stainless steel spheres
and rotates in a direction opposite to the direction of the base fixture. This
action is a lot similar to the “teacup and saucer” rides commonly found in

most amusement parks.

Moreover, instead of dry mixing, those semiconductor powders can
also be mixed by applying the wet ball milling. A readily prepared of the
mixed semiconductor powder is placed into a ball mill jar (~500 ml) which

contained an appropriate solvent (like water, ethanol, methanol, etc.) and
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ball mill. A certain powder to ball ratio needs to be chosen in achieving
significant impact. Normally a 5 mm diameter zirconia balls and the zirconia
jar were used as milling media. Generally, the milling process is performed
for duration of 1 hour which already provides a good mixture. However, the
milling process could be fixed at longer duration to obtain the required
particle size. This is because as the milling period is longer, there will be
more collision between the ball mill and the semiconductor powder which

resulted in smaller particle size.
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