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PHOTO-CATALYTIC DEGRADATION OF DYE BY USING
RAW AND PRE-TREATED ILMENITE
ABSTRACT

IImenite is a natural mineral ore made up of TiO2 and iron. Most of the commercial
TiO2 products are extracted and purified from ilmenite mineral. Recently, raw ilmenite
has shown a great potential to be used as photo-catalyst for degradation of a harmful dye
such as Reactive Black 5. However, the high concentration of Fe ions in ilmenite become
the major drawbacks for dye photo-degradation because the presence of excessive Fe ion
may lead to fast electron recombination rate. Therefore, pre-treatment on the ilmenite by
reducing the content of Fe has been developed to increase the effectiveness for the photo-
degradation of dye. Ilmenite has been pre-treated via single step chloride leaching process
by using HCI as the leaching agent in order to remove an excessive amount of Fe ions.
This is because chloride leaching process generates less waste as compared to sulphate
leaching process and the by-product, iron chloride (FeCl> and FeCls) can be used for iron
extraction. Comprehensive studies on different parameters, such as HCI concentration,
temperature, time, and calcination temperature has been conducted in order to control the
specific architecture of pre-treated ilmenite. Pre-treated ilmenite with low Fe content
(0.76 - 7.15 atomic% of Fe) was successfully produced through chloride leaching process.
It is interesting to observe that pre-treated ilmenite demonstrated complete (100%) dye
degradation within 30 min but the raw ilmenite only able to achieve 40% of dye
degradation efficiency. In this study, it was demonstrated that an appropriate low amount
of Fe ions in pre-treated ilmenite plays an important role as an effective dopant by

decelerate the recombination centre.

Keyword: ilmenite, chloride leaching, photodegradation, RB 5
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PENGURAIAN PEWARNA SECARA PEMANGKINAN FOTO
MENGGUNAKAN ILMENIT SEMULA JADI DAN SELAPAS PRA-RAWATAN
ABSTRAK

[Imenit merupakan mineral asli yang mengandungi TiO> dan besi. Kebanyakan produk
TiO> di dalam pasaran adalah diekstrak daripada ilmenit. Baru-baru ini, kajian terbaru
mendapati ilmenit mempunyai potensi untuk dijadikan mangkin foto untuk menguraikan
pewarna yang berbahaya seperti “Reactive Black 5”. Walaubagaimanapun, secara
semulajadi ilmenit mempunyai kepekatan ion Fe yang tinggi mejadi satu kelemahan
utama dalam pemangkinan foto untuk menguraikan pewarna kerana penggabungan
elektron akan berlaku dengan pantas. Oleh itu, pra-rawatan terhadap ilmenit perlu
dilakukan untuk meningkatkan keberkesanan sebagai mangkin foto dengan
mengurangkan kandungan Fe dalam ilmenit. Pra-rawatan ilmenit dijalankan melalui
proses larutan klorida dengan menggunakan HCI sebagai agen pelarut. Ini adalah kerana
proses larutan klorida akan menjana sisa yang lebih sedikit berbanding dengan proses
larutan sulfat dan hasil sampingan 1iaitu besi klorida (FeCl, dan FeCls) boleh digunakan
dalam pengekstrakan besi. Kajian-kajian komprehensif terhadap parameter berlainan
seperti kepekatan HCI, suhu proses larutan klorida, tempoh masa proses larutan klorida
dan suhu pengkalsinan telah dilakukan untuk mengawal struktur ilmenit selepas pra-
rawatan. Pra-rawatan ilmenit dengan kandungan Fe yang rendah (0.76-7.15 atomik.%
Fe) telah disintesiskan melalui proses larutan klorida. Pra-rawatan ilmenit menunjukkan
100% pewarna telah terurai dalam masa 30 minit manakala ilmenit tanpa rawatan hanya
mampu mencapai lebih kurang 40% degradasi. Dalam kajian ini, didapati kepekatan ion
Fe yang rendah menjadi penyumbang utama sebagai dopen yang berkesan

memperlahankan pengabungan semula elektron.

Kata Kunci: ilmenit, larutan klorida, foto-degradasi, RB 5
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CHAPTER 1: INTRODUCTION

This chapter consists of the overall discussion about the rise of textile wastewater
issues and the use of titania base material as photo-catalyst for textile wastewater
oxidation in which the research topic is concerned. The objectives, motivations as well as

the outline of the research scope are also given.

1.1 Introduction

The Industrial Revolution brought new innovations in design, manufacturing and
production of clothing, revolving the landscape of textile industry forever. According to
the World Trade Statistical Review 2015 done by World Trade Organisation (WTO), just
in the year 2015, the world textiles and apparel exports had the total value of $ 291 billion
USD and $ 445 billion USD, respectively (WTO, 2016). Generally, textile fibres can be
classified into natural and man-made fibres. Common natural textile fibres are cotton,
linen, wool and silk while man-made fibres are viscose, cellulose acetate, polyester and
etc. (Bechtold et al., 2004). Nevertheless, the textile industries do not just solely involved
the textile fibres but the use of dye as colouring ingredient which provide bundles of
artistic and aesthetic perspective to clothing. Currently, there are around 100,000 types of
available dyes existing in the market with an annual production of 0.7 to 1 million tons
worldwide (Gupta, 2009). Most of the total dyes produced are used in textiles (90%) and
the remaining portion is used in other sectors such as leather, paper, plastic and chemical
industry (Hameed et al., 2007). The forecast for the global demand of dyes and pigments
is expected to increase with an average rate of 3.5% annually, with 2.3 million tons in
2013 (Freedonia, 2009). China emerged as the largest textile fibre producing country in
2009 and continues to produce around 0.9 million tons of dye and pigments annually

(Freedonia, 2009; WTO, 2016).



In Malaysia, the textile industry has contributed to the economic growth in the East
Coast of Peninsular Malaysia largely due to the handmade batik industry. Man-made
textiles from Malaysia have contributed to about 1.03% of the world’s production. In
2015 alone, Malaysia earned RM 13.2 billion from the export of textiles and ranked as
the ten largest export earner (MIDA, 2015). Textile industries are one of the biggest users
of water in various textile processing stages. Textile finishing wastewater accounts for
22% of the total volume of industrial wastewater generated in Malaysia and the daily
water consumption in textile industry can reach up to 3000 m?® per day (Pang & Abdullah,
2013). Huge amounts of textile wastewater, especially liquid effluent, pose significant

impacts to environmental quality if it does not treated prior release.

The textile mill can be classified into two processes; dry processing mills and wet
processing mills. These two processing methods generate different types of waste and
wastewater (Nagaraj & Couucil, 1992). Most of the waste from dry processing mills is
made up of rejected cotton. Alternatively, the wet processing mills have several main
processing stages which produce various types of wastewaters including cleaning
wastewater, process wastewater, non-contact cooling wastewater and storm water. Table
1.1 displays the main process in wet processing mills together with the components of
major pollutants generated from their respective stage. Huge quantities with diverse
chemical constituents such as acids, alkali, enzymes, starch, dyes, solvents, oils etc. are
consumed in these stages during textile processing and discharged as effluent after
processing, Hence, textile wastewater contains suspended solids, highly recalcitrant
organic pollutants and intense colour (Al-Kdasi et al., 2004; Bisschops & Spanjers, 2003;
Ledakowicz et al., 2001; Savin & Butnaru, 2008; Verma et al., 2012). Textile wastewater
can be classified by measuring biological oxygen demand (BOD), chemical oxygen
demand (COD), colour, total suspended solids (TSS), dissolved solids (DS), BOD/COD

ratio, Kjeldahl nitrogen, etc. Typical character of raw textile wastewater can be concluded



by a COD range from 150 to 12,000 mg/L, BOD range from 80 to 6,000 mg/L, BOD/COD
ratio of around 0.25, TSS between 2,900 to 3,100 mg/L, total Kjeldahl nitrogen from 70
to 80 mg/L, wide range of pH, and high intensity of colour (Arumai Dhas, 2008;
Bisschops & Spanjers, 2003; Savin & Butnaru, 2008; Verma et al., 2012).

Table 1.1: Characteristic of wastewater and major pollutant components from
each stage of the textile manufacturing industry (Arumai Dhas, 2008; Verma et al.,

2012).

Process Constituents Wastewater characteristics

Sizing Yarn waste, unused starch-based | High BOD, medium COD

sizes

Desizing Enzymes, starch, waxes, ammonia | BOD (34-50% of total), high
COD, temperature (70-80 °C)

Scouring Disinfectants and insecticides | Oily fats, BOD (30% of total),

residues, NaOH, surfactants, soaps | high pH, temperature (70-80
°C), dark colour

Bleaching H>0,, AOX, NaOCl, organics High pH, TDS

Mercerisation | NaOH High BOD, high pH,
suspended solids

Dyeing Colour, metals, sulphide, salts, | High toxicity, BOD (6% of

acidity/alkalinity, formaldehyde total), high dissolved solids,
high pH.

Printing Urea, solvents, colour, metals High toxicity, high COD, high
BOD, high dissolved solids,
high pH, strong colour

Finishing Chlorinated compounds, resins, | Low alkalinity, low BOD, high

spent solvents, softeners, waxes, | toxicity
acetate

The textile industries in Malaysia usually have their own wastewater treatment plant
and the treated effluents are discharged into a drain instead of a centralised treatment
system. Therefore, they are bound by legislative requirements to remove immensely
polluted and coloured wastewater. However, some of the discharged effluents fail to meet
the discharge limits set by the government (Idris et al., 2007).

According to the

Environmental Quality Act 1974, the minimum requirements on sewage industrial



effluent are classified into two standards; standard A effluent for the industrial areas
located at upstream regions of the water reservoir and standard B effluent for the
downstream region (Department of Environment Ministry of Natural Resources and
Environment, 2010). The standard A and B requirement has been summarised in Table
1.2. The textile wastewaters possess huge amounts of pollutants that are dangerous to the
environment if released without proper treatment. The release of textile wastewaters
could block passage of sunlight to water, prevent the aquatic plant from carrying out
photosynthesis, thus disturbing the ecosystem balance (Georgiou et al., 2003; Merzouk et
al., 2010). Alternatively, textile wastewater contaminates ground water systems due to
wastewater leaching through the soil (Namasivayam & Sumithra, 2005).

Table 1.2: Standard requirement for Standard A and B in Malaysia (National
Water Services Commission, 2009)

Parameter Standard A [mg/1] Standard B [mg/1]
BOD;s 10 20

COD 60 100

SS 20 40

AMN 5 10

Nitrate nitrogen 10 20

In 1974, the Ecological and Toxicological Association of the Dyestuffs Manufacturing
Industry (ETAD) found that basic dyes and diazo direct dyes (-N=N- bond in structure)
are the most toxic among 4,000 dyes tested (Robinson et al., 2001). Recent researches
have shown several dyes and their decomposition derivatives may induce antagonistic
and synergetic toxicological effects to aquatic life and even human health (Georgiou et
al., 2003; Ustiin et al., 2007). Moreover, various dye classes contain heavy metals such
as copper, chromium, lead, cadmium, nickel, etc. for their role as textile colourants. The
release of these metals and the persistent dyes structures are genotoxic and microtoxic
towards human health and the ecosystem. Several animal studies reported the

consumption of dyes has carcinogenic, genotoxic, mutagenic and teratogenic properties.



For example, triphenylmethane dyes promote tumour growth in some species of fish and
are cytotoxic in mammalian cells (Hameed & El-Khaiary, 2008; Jadhav et al., 2012). In
addition, sporadic and excessive exposure to coloured effluents have severe effects on
human health, it causes irritations to the skin, eyes, allergic dermatitis, immune

suppression, leukaemia, cyanosis, quadriplegia etc. (Foo & Hameed, 2010).

Conventional biological processes do not always provide satisfactory results,
specifically in industrial wastewater treatment, as many organic substances from various
industries are toxic and non-biodegradable (Garcia et al., 2001; Lapertot et al., 2006;
Pulgarin & Kiwi, 1996; Steber & Wierich, 1986). Thus, combined treatment becomes a
feasible option for such biologically persistent wastewater. One of the options is the use
of advanced oxidation process (AOPs), which is widely recognized as a highly efficient
treatment for recalcitrant wastewater. Highly reactive hydroxyl radicals (OHe) are
generated in AOPs, which are non-selective to degrade organic pollutants (Balcioglu et
al., 2001; Bhatkhande et al., 2002b; Chong et al., 2010; Garcia-Montafio et al., 2006;
Gaya & Abdullah, 2008; Reddy & Kim, 2015). By applying this chemical oxidation
process in pre-treatment, i.e. converting the initially persistent organic compounds into
more biodegradable intermediates, which would then be treated in subsequent biological
processes, could yield promising results (Haberl et al., 1991; Hu & Yu, 1994; Kearney et
al., 1988; Mantzavinos et al., 1999; Parra et al., 2000; Sarria et al., 2003). An enormous
amount of studies dealing with partial pre-oxidation of dye wastewater involving AOPs,
have been widely reported. Few investigations carried out in past few years include a
biological system coupled with AOP pre-oxidation to complete the treatment of actual or
synthetic textile wastewater (Damodar & You, 2010; Liu & Chiou, 2005; Reddy &

Kotaiah, 2005; You et al., 2010).



In recent years, photo-catalysis systems have attracted great interest from the science
community as the most promising way to solve environmental problems, especially
degrading dyes pollutants from the wastewater stream. In this manner, a photo-catalysis
system is considered to be the ideal environmental solution toward realizing a green
economy future. Heterogeneous photo-catalytic oxidation processes employing catalysts
such as TiO, ZnO, etc. and UV light has demonstrated promising results in the
degradation of persistent organic pollutants by producing more biologically degradable
and less toxic substances (Garcia-Ripoll et al., 2008; Garcia et al., 2006; Maldonado et
al., 2007). This process is largely dependent on the in-situ generation of hydroxyl radicals
under ambient conditions which are capable of converting a wide spectrum of toxic
organic compounds including non-biodegradable substances into relatively innocuous
end products such as CO; and H>0. The usage of TiO; in wastewater treatment began
during 1970 and 1980s based on Heller’s research and knowledge. It turned out that TiO>
could break down organic compounds under sunlight irradiation (Chan et al., 2011; Wold,
1993). Since then, research on applying TiO» in wastewater treatment has been

investigated.

TiOz is relatively inexpensive, highly stable chemically and the photo-generated holes
are highly oxidizing. However, TiO: effectively functions under the UV region (A<400
nm) and only accounts for about 4-5% of UV rays from our solar energy. Thus, the
efficient use of visible light from our solar energy is essential for effectively degrading
organic dye. These drawbacks cannot be overcome by only optimizing the dimensions of
TiO; itself. Therefore, considerable efforts have been exerted to solve these drawbacks
by modifying TiO2 with the addition of electron donors (hole scavengers), carbonates
salts, metal ion doping, anion doping, and dye sensitization have been investigated.
Several researches have revealed that doped TiO; with elements managed to reduce the

valence band in TiOz, hence reducing photon energy required to excite electrons and



produce hydroxyl radicals (Adén et al., 2014; Barakat et al., 2014; Crisan et al., 2015;
Ctibor et al., 2014; Thuy et al., 2012; Wan et al., 2011). Nevertheless, these modifications
of TiO; with potential dopants remain several challenges and drawbacks, including the
expensive in production, time-consuming and harmful chemical in use. Titanium (IV)
isopropoxide is the titania based chemical often used in sol gel method has the negative

impact in human health and acute toxic to human and environment.

In recent years, there are also a few researches which have successfully applied a more
economical method by using ilmenite (FeTiOs3) or modified ilmenite to degrade the
organic compounds (Moctezuma et al., 2011; Pataquiva-Mateus et al., 2016; Tao et al.,
2013). In Moctezuma et al. (2011) study, ilmenite was capable to partially break down
phenol into carboxyl acid and Pataquiva-Mateus et al. (2016) study proved ilmenite has
the capability to completely degrade Orange II dye solution under acidic condition.
Pataquiva-Mateus et al. (2016) suggested Fe from ilmenite dissolved into the solution
thus homogenous Fenton reaction occurred to assist the Orange II dye degradation. On
the other hand, Tao et al. (2013) synthesised rutile TiO> nanorod with low Fe
concentration as impurities from ilmenite. In the study, the rutile TiO2 nanorod
successfully mineralised oxalic acid and the kinetic rate of photo-degradation is better

than that of commercial rutile TiO>.

In fact, ilmenite is a natural source of low titanium content TiO> (usually
approximately 50-60%). ilmenite mineral is relatively cheap with a record of 140-
165USD/metric tonnes (Sheffield, 2017) while the market price of pure TiO> has reached
up to 2000 USD/metric tonnes (Leanne, 2016). Its deposits can be found on all five major
continents (North and South America, Africa, Euro-Asia and Australia). According to
recent estimates, the world’s total reserves of ilmenite exceed 680 million tonnes and are

sufficient for the preparation of 350-450 million tonnes of TiOz (Survey, 2015). Table 1.3



summarises the physiochemical properties of ilmenite (Giaquinta & Loye, 1994; Zhou et
al., 2003). Based on Table 1.3, ilmenite has the band gap energy of 2.58 — 2.9 eV which
means ilmenite could be a photo-catalyst that can generate *OH radicals for pollutant
oxidation under visible light irradiation theoretically. Since there are abundant reserves
and relatively cheap in cost of ilmenite, hence ilmenite could be a promising

heterogeneous photo-catalyst to be used in wastewater treatment plant.

Table 1.3: Characteristics of ilmenite

Physical Properties Iron black, 2.58-2.9 eV band gap
Crystallography Trigonal-rhombahedral

Optical Data Uniaxial

Chemical Properties Iron titanium oxide, FeTiO3

1.2 Problem Statement

The exceptional chemical and physical properties of ilmenite have been long studied
by geologists. Although the use of ilmenite in photo-degradation under a specific set of
environment conditions has been reported (Moctezuma et al., 2011; Pataquiva-Mateus et
al.,, 2016), it is still far from becoming a potential candidate for photo-degradation
application. This is because the high concentration of Fe in the structure remains a great
challenge. In addition, poor visible light absorption and rapid recombination of charge
carriers limit the widespread use of ilmenite (Zhou et al., 2005). Thus to produce high
efficient pollutant oxidation system using ilmenite as an efficient photo-catalyst candidate

is challenging unless several issues have pointed out are addressed.

One of the ways to improve the photo-degradation performance of ilmenite is pre-
treated ilmenite through acid leaching technique to form high purity of TiO>with nano-

meter size and high surface area properties. This is because ilmenite mineral naturally has



low surface area and large grain size. Acid leaching technique is the most feasible method
due to its high efficiency to remove most of Fe ions from ilmenite in short period.
Moreover, acid leaching technique is relatively simple; it has been adopted for large-scale
industrial production to produce high purity of TiO2 (Zhang et al., 2011). However, in
getting the right dimensions and morphologies, a controlled synthesis procedure for the
production of pre-treated ilmenite must be investigated and optimized. Therefore, in the
present study, considerable efforts have been devoted to the synthesis of pre-treated
ilmenite that could increase the photo-degradation performance. In this study, pre-treated
ilmenite fulfils several basic requirements for better charge separation efficiency, such as
low Fe concentration than that of the raw ilmenite. In this manner, conduction band
electrons from pre-treated ilmenite can be injected to the band of due to the internal
electrostatic field from the interpretation of inter-band state between the iron and titanium
(Crisan et al., 2015; Zhou et al., 2005). Such a mechanistic understanding is very
important for the controlled growth of pre-treated ilmenite structures, which has potential
application not only for heterogeneous catalysis and photo-catalysis but in electronics

circuits, solar cell and etc.

1.3 Objectives of research

The aims of this research are listed as follow:-

e To study the physicochemical properties of raw ilmenite.

e To identify the most influencing factor in synthesis of pre-treated ilmenite using
simple chloride leaching process and to study the physicochemical properties of
pre-treated ilmenite.

e To investigate the efficiency of photo-catalytic activity of pre-treated [Imenite as
compared to raw [lmenite under artificial light irradiation by using Reactive Black

5 dye.



14 Outline of research work

There are three main sections in this research project overall which include the
synthesis of pre-treated ilmenite, material characterisation and photo-degradation of dye.
These three well-organised work scopes will be investigated carefully in order to

accomplish the objectives mentioned in Section 1.3.

1.4.1 Synthesis and characterisation of pre-treated ilmenite

In this stage, pre-treated ilmenite was primarily synthesised through single chloride
leaching process technique. Basically, the raw ilmenite was leached with hydrochloric
acid (HCI) and then ilmenite with high purity of Ti was precipitated by hydrolysis in
chloride leaching process. The acid leaching was carried out with different concentration
of hydrochloric acid, exposure time, temperature and calcination temperature. The
physicochemical properties of the raw and pre-treated ilmenite were been conducted with
Raman spectroscopy, X-ray diffraction analysis, field emission scanning electron
microscopy, Nitrogen adsorption-desorption measurement, X-ray photo-electron
spectroscopy, photoluminescence spectroscopy, UV-vis diffuse reflectance spectroscopy,
energy-dispersive X-ray spectroscopy, zeta potential and elementary analysis. The
detailed procedures used to prepare and characterise the raw and pre-treated ilmenite are

discussed in Chapter 3- Research Methodology.

1.4.2  Photo-catalytic activity of Pre-treated ilmenite

The photo-catalytic activity of raw and pre-treated ilmenite was evaluated with a
custom-made photo-reactor with Xenon 150 W lamp. The performance of the raw and
pre-treated ilmenite in the photo-degradation of RB 5 dyes was analysed using UV-vis

spectrophotometer.
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1.5 Outline of thesis

This thesis is arranged into five chapters. Chapter 1 comprises the introduction of
textile wastewater in this research work, problem statement, research objectives, and
outline of research work. Chapter 2 covers the technologies in textile wastewater
treatment, properties of ilmenite, and ilmenite metallurgical process and photo-
degradation of RB 5 dye by various catalysts. In Chapter 3, research methodology,
characterisation, and photo-catalytic testing used are described. Chapter 4 presents the
results and discussions of the raw and pre-treated ilmenite for photo-catalysis degradation
of Reactive Black 5 dye. At last, Chapter 5 concludes the study with several suggestions

and recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The rise of environmental awareness among the public has increased the urgent need
of fostering new development in the area of industrial wastewater treatment. The
heterogeneous photo-catalysis is one of the most promising prospects for efficient
industrial wastewater treatment. To bring the heterogeneous photo-catalysis technology
to the point of commercial readiness and viability in term of performance and cost,
substantial research on the development of heterogeneous photo-catalysis for industrial

wastewater treatment is necessary.

Recent studies have indicated that TiO> has emerged as the leading candidate in
heterogeneous photo-catalysis because of its chemical long-term stability, widespread
availability, non-toxicity and cost effective (Anpo & Kamat, 2010; Macwan et al., 2011).
In order to further improve the immigration of photo-induced charge carriers,
considerable effort has to be exerted to further improve the TiO: performance under
visible light illumination because the TiO2 can fully utilise photon in UV regions only
due to its large band gap energy thus limiting its practical application for sun light
irradiation. One of the methods to overcome this disadvantage is coupling foreign
elements or compounds with TiO2 because these impurities can reduce the recombination
rate of the photo-inducted electron-hole pairs through trapping effects of photo-generated
electron (Barakat et al., 2014; Chan et al., 2011; Crisan et al., 2015; Zarazua-Morin et al.,
2016). The ilmenite contains iron oxide species as foreign compounds in TiO> lattice
structure naturally and ilmenite is the main mineral source to produce TiO», yet the
relationship between raw ilmenite and pre-treated ilmenite photo-catalyst as well as their
photo-catalytic performance was still a matter of debate and remains unclear. Therefore,
the development of pre-treated ilmenite photo-catalyst to reduce iron oxide concentration

in ilmenite using acid leaching technique remains to be determined. In the subsequent
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section, the current and emerging technologies in textile wastewater treatment,
physiochemical properties of TiO; and ilmenite, techniques adopted for ilmenite
improvement and works done by various researchers with regards to the pre-treated
ilmenite, the iron-doped TiO; and its photo-degradation on azo dyes will be reviewed in

detail.

2.2 Dye Removal Techniques

Textile wastewater contains very diverse chemical composition, ranging from organic
products, polymers to inorganic compounds. Many dyes have complex structure,
synthetic origin and structural varieties. Thus, the conventional sewerage system failed to
decolourised and treated textile dye effluent (Robinson et al., 2001). Textile wastewater
treatment can be classified into 3 groups, physical, chemical and biological. In this
section, the current and promising physical (membrane filtration) and chemical

(coagulation and photo-catalysis) treatment in dye removal will be reviewed in detail.

2.2.1 Membrane filtration

The use of membrane filtration (MF) technology shows a physical separation between
waste and water, preventing unwanted particles from passing through a specially designed
filter by applied different pressure as the driving force. The typical pore size in MF is in
the range of < 1 nm to 0.1 um, thus MF can be classified into a various group such as
micro filtration, nano-filtration and reverse osmosis according to the target pollutant for
removal and separation. Materials to make membranes can be an organic polymer or
inorganic materials such as glass, metal or ceramic. MF mostly use in aqueous fluid
treatment in order to fulfil three purposes: to reject impurities, to retain and concentrate

the pollutants and to permeate and purify of the target component.

In textile wastewater treatment, the first two purposes are significant as through MF,

dye and other foreign substance will be retained but allowing water to pass through. Most
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of the time, MF normally coupled with biological or other advanced wastewater treatment
in order to meet discharge effluent standard set by each country and to reduce the burden
on MF. Many researchers reported highly effective dye removal from textile wastewater
by using MF. Schoeberl et al. (2005) showed that COD and colour removal from textile
wastewater was 89-94% and 65-91% respectively. Brik et al. (2006) had the similar
observation on COD (60-95%) and colour (46-98.5%) reduction. In contrast, studies by
Deowan et al. (2013) and Yurtsever et al. (2015) did not achieve similar efficiency in
colour removal when only around 20-50% of colour reduction was observed; suggesting
that different sources of textile wastewater effluent would affect the colour removal
efficiency since some of the stages in textile operation generated different types of
pollutants. Albeit Yurtsever et al. (2016) indicated almost decolourisation was achieved;
however different type of bioreactor was used in this study, indicating that the type of
microorganism in bioreactor play important role in membrane bioreactor. Moreover,
Yigit et al. (2009) and Deowan et al. (2016) pointed out that the dye rejection happened
in membrane bioreactor are mainly due to adsorption onto biomass or on sludge, thus this
suggests that the certain types of dye may pass through membrane (Deowan et al., 2016;
Yigit et al., 2009). Liu et al. (2011) compared the efficiency of reverse osmosis and nano-
filtration membrane in the treatment of biologically-treated textile effluent. In the study,
nano-filtration has better COD removal while reverse osmosis has better salinity
reduction. Table 2.1 summarises some reported MF and their respective performances. It
1s interesting to point out that, researches solely studying MF filtration often use influents
with lower COD and does not reflect the actual problem, because, in reality, textile
wastewater influent normally has higher COD concentrations. Regardless of the
efficiency, MF has several main drawbacks: high cost, membrane fouling and high
concentrated dyebath production which requires proper treatment before disposal. In

addition, mandatory pre-treatment units for removing suspended solids in wastewater
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Table 2.1: Effectiveness of membrane filtration studied by different researchers for COD reduction and colour removal of textile

wastewater.

Technique Sample Influent COD COD removal Colour removal References

[mg/L] [7o] [“0]
Membrane Synthetic textile wastewater 2000 80-85 >95 (Yurtsever et al., 2016)
bioreactor
Membrane Textile wastewater 2367+125 95+1 40-55 (Deowan et al., 2016)
bioreactor
Membrane Synthetic textile wastewater 1000 97 30-50 (Yurtsever et al., 2015)
bioreactor
Membrane Synthetic textile wastewater 2500 90 20-50 (Deowan et al., 2013)
bioreactor
Membrane Textile mill wastewater 600-1200 85-92 60-75 (Huang et al., 2009)
bioreactor
Membrane Textile wastewater 1380-6033 60-95 87 (Brik et al., 2006)
bioreactor
Membrane Dye house wastewater 1606-2997 93 80.5 (Schoeberl et al., 2005)
bioreactor
Membrane Synthetic textile wastewater 300 - >99.9 (Han et al., 2016)
Membrane Synthetic textile wastewater 100-1000 80-90 - (Ong et al., 2014)
Membrane Synthetic textile wastewater 50 98 92-98 (Patel et al., 2012)
Membrane Textile wastewater 708 80-100 >90 (Aouni et al., 2012)
Membrane Textile wastewater 96-108 97 100 (Liu et al., 2011)




is required in order to prolong the life time of the membranes. (Akbari et al., 2006;

Robinson et al., 2001).

2.2.2 Coagulation-flocculation

Colloidal particles, whether dissolved or suspended solids in wastewater, tend to sink
and form a sludge, or not at all depending on the particles’ surface electrical charges that
either mutually attracts or repels each other. The addition of chemical coagulation and
flocculation in wastewater would change the physical state of colloidal particles,
neutralise the surface electrical charges of colloidal particles, cause the particles to
agglomerate together to form floc and will be removed from wastewater through the
sedimentation process. Chemical coagulation is a complicated phenomenon, involving
different inter-related parameters, thus it is arduous to determine how well coagulation
will work under pre-determined conditions. Common chemical coagulants include
hydrolysing metallic salts such as calcium hydroxide/lime (Ca(OH)2), aluminium
sulphate/alum (Al(SOs)3), ferric chloride (FeCls) and ferrous sulphate (Fex(SOs)3)
whereas polymers are used as flocculants (Annadurai et al., 2004; Semerjian and Ayoub,
2003). Various researches on coagulation and flocculation in textile wastewater treatment

have been summarised in Table 2.2.

Tan et al. (2000) compared the colour removal efficiency between alum, magnesium
chloride (MgClz) and poly-aluminium chloride (PACI). The result showed that MgCl»
had the shortest settling times with the 88.40% of COD reduction and 97.90% of colour
removal under the pH range from 10.5 to 11.0. Similar results were also reflected in Gao
et al. (2007) and El-Gohary et al. (2009) work with comparable colour removal efficiency
under mild alkaline conditions. Alternatively, Jiang et al. (1998) pointed out that pre-
hydrolysed metallic salts, for example, poly-aluminium chloride (PACI), poly-ferric

chloride (PFCI), poly-ferrous sulphate (PFS) and poly-aluminium sulphate (PAS)
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Table 2.2: Effectiveness of different chemical coagulants studied by different researchers for COD reduction and colour removal of textile

wastewater.

Coagulants Sample Influent COD | COD removal [%] Colour removal | References

[mg/L] [%]
Various inorganic salt Synthetic dye wastewater - - >95 (Han et al., 2016)
Aluminium sulphate Textile wastewater 963 - - (Aquino et al., 2016)
Commercial coagulant | Textile wastewater - - 95.6 (Lopez-Lopez et al., 2016)
(SICOAG C-21)
Zinc chloride Textile wastewater - 92+1.22 98+0.88 (Kadam et al., 2015)
Poly-aluminium Multiple dye wastewater 1000 - 80 (Liang et al., 2014)
chloride (PACI)
Ferrous sulphate Synthetic dye wastewater 350-828 28.3-45.4 91.4-93.8 (Rodrigues et al., 2013)
Aluminium electrode Textile wastewater 1357 85 80 (Merzouk et al., 2011)
Aluminium electrode Synthetic dye wastewater 50 83 100 (Dalvand et al., 2011)
Iron electrode Synthetic dye wastewater - - 98.1 (Chafi et al., 2011)
Magnesium chloride and | Textile wastewater 595+131 40-50 100 (El-Gohary & Tawfik, 2009)
alum
Magnesium chloride and | Synthetic dye wastewater - - 98 (Gao et al., 2007)
hydrated lime
Poly-aluminium Textile wastewater - - 99.9 (Choo et al., 2007)
chloride (PACI)
Magnesium chloride Industrial dye wastewater 2040-3190 88.4 97.9 (Tan et al., 2000)




demonstrated better effectiveness than hydrolysed metallic salts (Jiang & Graham, 1998).
In addition, Gregory et al. (2001) compared the effectiveness of various pre-hydrolysed
coagulants for the treatment of wastewater and showed PACI had rapid flocculation and
formed stronger flocs than that of alum at the equivalent dosage (Gregory and Rossi,
2001). This observation suggested that these pre-hydrolysed coagulants are pre-
neutralised, reducing the effect of water pH on the coagulants and hence reducing the
need of pH correction in the influent.

Another approach in coagulation and flocculation method is electro-coagulation. This
technique uses a direct current source between metal electrodes which immersed in the
solution, leading to the dissolution of metal electrodes into the solution as metal ions.
These dissolved metal ions form as coagulated species and metal hydroxides under
suitable pH condition, causing particle destabilisation and aggregation. Aluminium and
iron are normally used as metal electrodes in electro-coagulation. Chafi et al. (2011)
compared the effectiveness between iron and aluminium electrodes to remove a highly
soluble acid dye. In the result, iron electrodes have better decolourisation yield than
aluminium electrodes. Additionally, aluminium electrodes required higher current
supplied to achieve similar decolourisation yield as iron electrodes. Chafi et al. suggested

Al and Fe adopted different decolourisation mechanism to remove the acid dye.

The coagulation-flocculation process has been used as main treatment or pre-treatment
due to its low capital cost (Anjaneyulu et al., 2005), but this technique generates a high
volume of sludge which is harmful and highly toxic to the environment, therefore

subsequent treatment is required in order to reduce the toxicity of sludge before disposal.
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2.2.3 Advanced oxidation process

Advanced oxidation processes (AOPs) have gained attention from researchers in the
research and development of wastewater treatment technologies because AOPs show
excellent results in the removal or degradation of recalcitrant pollutants into
biodegradable compounds that can subsequently be treated by conventional or biological
treatment (Anjaneyulu et al., 2005; Lai et al., 2014). For example, Yanagisawa et al.
(2008) reported that AOPs breakup the recalcitrant triazinic ring of cyanuric acid shows

that AOPs has high efficient in destroying recalcitrant pollutants.

The efficacy of AOPs relies on the generation of reactive free radicals such as
superoxide radical (O2¢"), hydroperoxyl radical (HOz°), hydroxyl radical (*OH) and
alkoxyl radical (RO¢). These free radical species are atoms or molecules that possess one
or more unpaired electrons. The *OH is the focus in AOPs for wastewater treatment due
to its high standard potentials of 2.8 V, thus it is highly reactive and non-selective in
oxidizing and decomposing numerous hazardous compounds to carbon dioxide and
inorganic ions (Chong et al., 2010; Esplugas et al., 2002; Herrmann, 2010; Pera-Titus et
al., 2004; Reddy & Kim, 2015). Common AOPs used to treat wastewater include ozone

oxidation, Fenton process and photo-catalysis.

Ozone has standard reduction potentials of 2.07 V in acidic solution and 1.25 V in
basic solution. Consequentially, the pH of the solution determines the oxidation
mechanism of ozone because pH can affect the kinetics and pathways of the reaction
(Hoigne & Bader, 1975; Hoigne & Bader, 1979; Pera-Titus et al., 2004; Wang & Xu,
2012). Direct ozonation is the predominant reaction pathway under acidic conditions
whereas the indirect pathway prevails under basic conditions (Agustina et al., 2005; Pera-
Titus et al., 2004). Two mechanisms of ozone oxidation have been proposed depending

on the pH region; Stachelin-Biihler-Hoigné (SBH) model in neutral pH region and
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Tomiyasu-Fukutomi-Gordon (TFG) model for a higher pH range (Buehler et al., 1984;
Nemes et al., 2000; Stachelin & Hoigne, 1985). Both models suggest that the
decomposition of O3 with hydroxide in water to produce *OH but TFG model corresponds
to an oxygen atom transfer reaction at the beginning (Eq. 2.5). This phenomenon could

associate with the hydroxide concentration in the solution since TFG model occurs under

higher pH condition.
SBH model: O3 + OH™ — Oz + HO»* (2.1
02+ 03 — 03+ O (2.2)
O3+ H" <> HO3* (2.3)
HOs+ — «OH + O2 (2.4)
TFG model: O3+ OH — HOz + O2 (2.5)
HO2 + O3 — O3+ + HO2e (2.6)
02+ O3 —» O3+ O2 (2.7)
O3+ + H,O — «OH + O2 + OH" (2.8)

Homogeneous Fenton process is a number of cyclic reactions, whereby ferrous to
ferric ions oxidation occurred to catalyse the decomposition of H20O» to hydroxyl radicals
in acidic medium (Eq. 2.9). Alternatively, Fe** ions reduced by excess H>O; to regenerate
back to Fe*" ions and more radicals (Eq. 2.10). This reaction is called Fenton-like reaction
but the reaction has slower reaction rate compare with Fenton process (Deng and
Englehardt, 2006; Neyens and Baeyens, 2003). Besides that, the regeneration of Fe**
happens when Fe** reacts with HO,+ (Eq. 2.13). (Brillas & Martinez-Huitle, 2015; Deng
& Englehardt, 2006; Haber & Weiss, 1934; Nidheesh, 2015). Radical-radical reactions
are reported to occur during the Fenton process as well (Eq. 2.11 & 2.15). Excess H2O2
will be decomposed to molecular oxygen and water when the absence of any organic
molecule to be oxidised (Eq. 2.16). Equations 2.9 — 2.15 demonstrate the classical Fenton
free radical mechanism in the absence of organic compounds (Brillas et al., 2009; Haber

& Weiss, 1934; Kang et al., 2002b; Neyens & Baeyens, 2003).
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Fe?" + HoO,— Fe** + «OH + OH- (2.9)

Fe’* + HyO,— Fe?" + HOpe + H' (2.10)
«OH + H,02 — HO»+ + H,O (2.11)
«OH + Fe*'— Fe** + OH" (2.12)
Fe’" + HOz*— Fe* + OoH' (2.13)
Fe?’" + HOz* + H'— Fe** + H,0 (2.14)
2 HOz* — H202 + O, (2.15)
2H20,— Oz + 2H20 (2.16)

In the heterogeneous photo-catalytic process, TiO2 is the most widely studied
semiconductor catalyst, and the *OH generation mechanisms of TiO> has been discussed
extensively in literature (Chan et al., 2011; Daghrir et al., 2013; Habisreutinger et al.,
2013; Low et al., 2012; Ni et al., 2007; Yu et al., 2010; Yu et al., 2014). Figure 2.1
displays the proposed photo-induced process acting on the TiO; under light irradiation.
Electrons (ecy) in TiO; are excited from the valence band into the conduction band when
the absorbed irradiation energy (4v) is enough to overcome the band gap energy, leaving
electron-deficient sites (“holes™) (hy') behind. The photo-generated holes react with
surface adsorbed hydroxyl groups or water to form adsorbed *OH radicals (*OHags), then
the adsorbed *OH radicals leave the surface into solution to form free *OH radicals

(*OHjree) (Bhatkhande et al., 2002a; Chen et al., 2005; Hoffmann et al., 1995; L. Yang et

al., 2008).
TiO2 + hv — ey’ + hy" (2.17)
hvb+ + e« — heat (218)
hvb+ + OHads — .OHads (2‘ 19)

hvbJr + HZO g HZOJr g H+ + .OHfree (2.20)
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Figure 2.1: Schematic diagram of photo-catalytic process acting on the
semiconductor photo-catalyst. (Hoffmann et al., 1995)

There are various reports on the degradation of the simulated textile mixture and real
textile wastewater from industries using AOPs. Table 2.3 summarises some of the
reported AOPs and their performance. Tehrani-Bagha et al. (2010) observed that ozone
oxidation was able to achieve 100 % of colour removal of C.1. Reactive Blue 19, which
is a persistent anthraquinone-based organic dye in less than 60 min. Qi et al. (2011) used
ozone as pre-treatment for the secondary effluent from textile industry treatment plant
before introduced into biological treatment. In the study, the integration of ozone and
biological aerated filter (BAF) treatment had higher COD and colour removal than the
separation of treatment. In addition, ozone did not impose any significant impact on the
microorganism population in the BAF, but enhanced the efficiency of the biochemical
treatment. Mezzanotte et al. (2013) pointed out that although ozone demonstrated high
colour removal efficiency, however, the concentration of carbonyl by-product increased
at the same time. The increasing concentration of carbonyl by-product can be related with
the destruction of the aromatic ring by ozone, causing a ring opening and lead to a

formation of carbonyl by-product.
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Table 2.3: Effectiveness of different AOPs studied by different researchers for COD reduction and colour removal of textile wastewater.

Method Sample Influent COD COD removal Colour removal References

[mg/L] [%] [%]
Ozone oxidation Textile wastewater 70 £30 - 100 (Mezzanotte et al., 2013)
Ozone oxidation Synthetic dye wastewater | 400 64.96 100 (Turhan et al., 2012)
Ozone oxidation Textile wastewater 55-147.7 56.9 87.5 (Qietal., 2011)
Ozone oxidation Synthetic dye wastewater | 800 55 100 (Tehrani-Bagha et al., 2010)
Fenton process Textile wastewater 450 50 - (GilPavas et al., 2017)
Fenton process Textile wastewater 1132.6 £2.5 28 92.5 (Hayat et al., 2015)
Fenton process Textile wastewater 2100 70 - (Blanco et al., 2012)
Fenton process Textile wastewater 564 91 100 (Karthikeyan et al., 2011)
Photo-catalysis Textile wastewater 1125+70 53 88 (Deveci et al., 2016)
Photo-catalysis Textile wastewater 558.5+5.05 70 97 (Souza et al., 2016)
Photo-catalysis Textile wastewater 9500-11000 94 - (Meenatchisundaram et al., 2014)
Photo-catalysis Synthetic textile - - 70 (Rao et al., 2012)

wastewater




Blanco et al. (2012) compared between Fenton and biological-Fenton coupled
processes for textile wastewater treatment. The result showed that the stand-alone Fenton
process achieved 70% COD removal, whereas the coupled process reached an increased
COD removal of 86%. The biological-Fenton process was able to achieve the desired
treatment goals using a reduced dosage of hydrogen peroxide and iron ions thus this
suggested that introduction of biological treatment in AOPs could reduce chemical
dosage and cost requirement for photo-degradation. Karthikeyan et al. (2011) coupled
homogeneous and heterogeneous Fenton oxidation processes to treat textile wastewater.
In this research, the homogenous Fenton process only substantially reduced the colour
intensity of the textile wastewater whereas the coupled homogeneous and heterogeneous
Fenton process achieved complete colour removal. The complete removal of colour in
coupled Fenton process indicated the aromatic compounds and chromophoretic groups
found in dye compounds were more effectively destroyed by hetero-catalytic oxidation
since similar observation was not reflected in solely homogeneous Fenton process. In
addition, Manenti et al. (2014) reported that photo-Fenton process improved the

biodegradability index of textile wastewater for subsequent biological.

In the study of photo-catalyst in textile wastewater treatment, Deveci et al. (2016)
proposed the integrated process of fungal membrane bioreactor and photo-catalytic
membrane reactor for the treatment of industrial textile wastewater. ZnO and TiO> were
chosen as photo-catalyst in the research and the photo-catalytic degradation of TiOalone
achieved 88% colour removal and 53% COD reduction efficiencies. By employing the
proposed integrated system with TiO2, 93% of colour and 99% of COD removal were
observed since fungal biodegradation process cannot remove colour effectively. Deveci
et al. pointed out TiO; has better efficiencies than that of ZnO for both colour and COD
removal. A similar observation was reflected in Souza et al. (2016) study which compared

the photo-catalytic activity of TiO2, ZnO and niobium pentoxide (Nb2Os) in the photo-
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degradation of textile wastewater (Lee et al., 2016). Commercial TiO; has the best photo-
degradation efficiency with 97% colour removal and 70% COD reduction. This is because
TiO2 can perform well on wide range of pH whereas ZnO has good photo-catalytic
activity under acidic environment. Rao et al. (2012) set up a TiO2 coated pebble bed
photo-catalytic reactor and evaluated the reactor efficiency for the decolourisation of
selected reactive dye solution as well as synthetic dye house effluents. 70% of colour
removal was accomplished for the photo-degradation of synthetic dye house effluents
under sunlight irradiation. In addition, Meenatchisundaram et al. (2014) used TiO> as pre-
treatment prior biodegradation treatment and observed 94% of COD removal efficiency
whereas ozonation has 82% COD removal efficiency. Better biodegradation efficiency
was recorded by using TiOz could be suggested that the adsorption of dye compounds on

TiO> allowed *OH easily to oxidise adsorbed dye compounds.

Among ozonation, Fenton process and photo-catalysis, photo-catalysis has the best
choice because Ti0O; has a wider range of pH stability in the term to generate *OH radicals
whereas the Fenton process requires adjustment of pH of the effluent to the acidic
condition prior the process and create high iron concentration sludge. Besides that, the
ozonation process involves high installation, energy cost and short life span but photo-
catalysis could fully utilise sunlight to treat the effluent. However, there are some
problems that need to be solved before fully integrating the photo-catalysis process into
a system, such as difficulties of separating the photo-catalyst from the treated effluent and
narrowing the band gap energy of the semiconductor photo-catalyst since pure TiO> has

high band gap energy thus it can only fully utilise photon in UV region.
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23 Ilmenite and titanium dioxide properties
2.3.1 Ilmenite properties

IImenite is a black or steel-grey coloured mineral composed of titanium-iron oxide,
FeTiOs3, with weakly magnetic properties. Scientists have studied the magnetic behaviour
of ilmenite for the interpretation of historical fluctuations in the Earth’s magnetic field as
rocks containing it displays self-reserved magnetisation (Robinson et al., 2002).An ionic
or semi-ionic crystal made up of the ABO3; composition has a tendency to adopt either
one from two forms, perovskite form (high coordination if ionic packing is allowed) or
sesquioxide structure (lower coordination). Figure 2.2 shows the common sesquioxide
structures and the lithium niobate structures as these two structures are based on the
higher symmetry corundum (B203) structure. In the corundum structure, the anion lattice
is closely packed with cations in a hexagonal structure, occupying two-thirds of the
available octahedral interstices such that the octahedral of AOs share edges in (001)
planes in a honeycomb arrangement; the octahedral faces share atoms between adjacent
planes. Ilmenite has two types of metal ions in the composition, and are arranged in
alternating bilayers perpendicular to the c axis, -Fe-Ti-O-Ti-Fe- has arranged along the
threefold axes, causing a reduction in the R3 symmetry. Figure 2.2 shows that the Fe and
Ti ions are arranged with O ions in octahedral form with three octahedral edges shared
between cation octahedrals of the same type. Each octahedral cation site overlaps one
octahedral face with a cation of the other type in an adjacent bilayer and at the same time,
the opposite face is overlapped with an empty octahedral site. [lmenite has two formula
units in the crystallographic cell with ions at + (0, 0, Fe;), Ti ions at + (0, 0, Ti,) and
oxygen ions at &+ (Ox, Oy, Oz -Oy, Ox - Oy, Oz Oy — Ox, -Ox, Oz). On the other hand, the
lithium niobate form of ilmenite differs by having mixed Fe Ti bilayers and a threefold
axis ordering of -Fe-Ti-O-Ti-Fe-. As FeTiO3; mostly formed under earth crust and in lava,

thus the temperature and pressure affect the adoption of ilmenite, lithium niobate or
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perovskite structures of FeTiO3 in order to be the stable phase at ambient pressure (Wilson

etal., 2005).

Figure 2.2: Structure of FeTiO3 (a) ball and stick model and (b) packed octahedral
model in which FeQg (light colour) and TiOs (dark colour) (Wilson et al., 2005).

The electronic properties of ilmenite have been actively investigated. For instance, Tao
et al. (2011) investigated the potential of ilmenite minerals in the application of
supercapacitors by modifying the morphology of ilmenite, reporting that the capacitance
of ilmenite nano-flowers was 122 + 14.5 F/g. In addition, the untreated ilmenite has the
similar binding energy of the Fe 2p3,» peaks with milled ilmenite (about 711.0 + 0.2 eV),
with a clear shake up satellite structure of Fe 2p core-level, a board peak of O Is and a
sharp Ti 2p structure in XPS spectra of ilmenite, FeTiO3 (Tao et al., 2011). When the Fe
concentration is low in the iron titanate catalyst, the Fe 2p has the highest binding energy
as titanium species has the inductive effect towards iron species, thus the electron cloud
surrounding the Fe species has the severest deviation. As the Fe concentration increases,
the binding energy of Ti 2p shifted towards the low energy direction, suggesting that the
titanium species “pull” the electron cloud of iron species closer (Yu et al., 2009). FeTiO3
has two distinct cation charge orderings consistent with O anions, which are Fe*'Ti*"

and Fe**Ti**, thereby the local electronic configuration of the Fe?" and Fe’" states are d°
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and d° respectively. The charge transfer excitation between the above-mentioned two
states is well known and has been studied in a number of Fe and Ti-bearing minerals
(Sherman, 1987). Wilson et al. studied the electronic and the magnetic structure of
ilmenite by using two most common treatment of electronic exchange and correlation to
test ilmenite, which were Hartree-Fock (HF) and modified formed of Becke’s three
parameter hybrid functional (B3LYP) theory. In the study, the HF approximation showed
that the Fe**Ti** state was found to be more stable than the Fe?"Ti*'state, as Fe*"possessed
five unpaired electrons whereas Fe** has a doubly-occupied dz* orbital. The valence band
of ilmenite is composed of O 2p and Fe 3d states while the conduction bands arises from

the contribution of O 2p, Ti 3d and Fe 3d orbitals (Chen et al., 2013; Wilson et al., 2005).

The band gap of ilmenite measured by electrochemical measurements was reported to
be between the values of 2.58 and 2.9 eV (Butler & Ginley, 1977; Ginley & Butler, 1977).
Strens et al. (1979) measured the diffuse reflectance spectra of ilmenite and showed the
absorption peaks of ilmenite at energies of about 1, 2.5 and 4 eV. The 1 eV transition was
attributed to a r2g-eg transition of octahedral Fe*, the 2.5 eV transition was attributed to
aFe?*-Ti*" charge transfer and 4 eV transition attributed to an O-Ti charge transfer (Strens
& Wood, 1979). However, the diffuse reflectance spectra measured by Strens et al. (1979)

did not provide definitive measurements of band gaps.

Despite the abundance of ilmenite, only a handful of studies on the photo-catalytic
activity of ilmenite has been reported. Moctezuma et al. (2011) mixed ilmenite with
commercial TiO2 powder to test the photo-degradation efficiency of phenol. In the
research, ilmenite showed the capability to breakdown phenol into carboxylic acid and
ilmenite accelerated the dispersed TiO: settling time (Moctezuma et al., 2011). Pataquiva-
Mateus et al. (2016) showed that ilmenite has high photo-catalytic activity under acidic

condition and achieved more than 95% dye removal efficiency.
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2.3.2 Titanium dioxide properties

Titanium dioxide (Ti0.) is the naturally occurring oxide of titanium and exists as white
in colour. It can be found in ilmenite and rutile mineral ore. Its unique characteristics such
as non-toxicity, strong photo-catalytic activity, easy handling and stability against
corrosion have attracted numerous studies in various application (Chen & Mao, 2007; Lai
et al., 2015; Wold, 1993). TiO2 has three crystalline polymorphs: rutile, anatase and
brookite. Figure 2.3 shows the basic unit-cell structure of these three phases (Esch et al.,
2014). Rutile and anatase TiO> have a tetragonal crystal structure, with 6 and 12 atoms
per unit cell respectively. In both crystalline unit cells, each Ti atom is coordinated to 6
O atoms and each O atom is bonded to 3 Ti atoms. Both rutile and anatase have slight
distortion in the TiOg octahedron where by two Ti-O bonds are slightly greater than the
other four bonds, with some of the O-Ti-O bond angles are deviating from 90°. The
distortion was found to be greater in anatase than rutile crystal structure. Brookite TiO-
has a more complicated crystal structure, containing 8 O atoms and 16 Ti atoms in the
orthorhombic cell. In spite of that, brookite has similar interatomic distance and the O-
Ti-O bond angles with rutile and anatase. Yet, brookite has 6 different Ti-O bonds ranging
from 1.87 to 2.04 A, a significant distinction between brookite and another 2 crystalline
polymorphs. In addition, brookite has 12 different O-Ti-O bonds with angles ranging
from 77° to 105° whereas rutile and anatase have only two kind of Ti-O bonds and O-Ti-
O bond angles (Landmann et al., 2012; Mo & Ching, 1995; Reyes-Coronado et al., 2008).

A detailed crystal structure data of TiO> has been summarised in Table 2.4.

29



Figure 2.3: The basic unit cell structure of rutile, brookite and anatase from left
to right (Esch et al., 2014).

Table 2.4: Crystal structure date of TiO2. (Cromer & Herrington, 1955; Mo &

Ching, 1995)

Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Lattice constants (A) | a=4.5936 a=3.784 a=9.184
c=2.9587 c=9.515 b=5.447
c=5.145
Density (g/cm?) 4.13 3.79 3.99
Ti-O bond length (A) | 1.949 (4) 1.937 (4) 1.87~2.04
1.980 (2) 1.965 (2)
O-Ti-O bond angle 81.2° 77.7° 77.00~105°
90.0° 92.6°

The electronic properties of TiO> are as follows. The valence band of TiO2 is made up
of 2p orbitals of oxygen hybridised with 3d orbitals of titanium, with the sigma (o)
bonding higher than the pi (r)bonding in the valence band as the sigma bonding state of
oxygen is located at lower energy region (Zallen & Moret, 2006). On the other hand, ther
bonding state and p, bonding state is in the middle and higher energy region of the
valence band respectively (Chen & Mao, 2007). 3d orbitals of titanium occupy the
conduction band and can be separated into two components, to; and eg. The to; can be
divided into three states, dy., dx, and dxy. As the dxyis located at the bottom of conduction
band, thus anatase has metal-metal interaction distance of 5.35A whereas 2.96A in rutile

(Hanaor and Sorrell, 2011).

30



TiO2 has 3 different band gaps according to its crystalline structure: 3.05 eV in rutile
phase, 3.23 eV in anatase phase and 3.26 eV in brookite phase (Lee & Yang, 2011; Reyes-
Coronado et al., 2008). Optical absorption measurement shows the rutile and anatase
phases are transparent in the visible region (Zallen & Moret, 2006). Anatase has higher
band gap energy as the crystal momentum restrict the electron transition between the
valence and conduction bands, thus anatase has only 1 indirect band gap (Asahi et al.,
2000; Kavan et al., 1996). On the other hand, many researchers have proven that rutile
has one direct band gap of 3.05 eV and one indirect band gap of 3.10 eV (Valencia et al.,
2010). No consensus has been achieved on whether direct or indirect transitions dominate

the optical response in brookite (Koelsch et al., 2004; Li et al., 2007b).

Anatase and brookite are metastable whereas rutile is the most thermodynamically
stable phase among three crystalline phase due to its lower free energy properties (Hanaor
& Sorrell, 2011). Therefore anatase and brookite will be transformed to rutile under
higher temperature and pressure condition (Lee & Yang, 2011; Wang et al., 2014). Such
thermodynamic properties cause the TiO, mineral ore is mostly in rutile phase due to high
pressure and temperature such as molten lava environment, which will transform the TiO»
in mineral ore into rutile phase. In this study, the pre-treated ilmenite extracts from raw

ilmenite also has rutile phase properties.
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24 Ilmenite metallurgical process
2.4.1 Commercialised ilmenite conversion process

The conversion of ilmenite to synthetic rutile or high grade titanium slag has several
commercialised or proposed processes in order to produce high purity of TiO> as ilmenite
is the main mineral ore for TiO2. These commercialised processes are Becher process,
Benelite process, Mursco process, Laporte process, Kataoka process (in Japan) and Dunn
process. These processes are a combination of thermal oxidation and reduction through
roasting, leaching and physical separation steps. In these steps, iron in ilmenite is reduced
at high temperature (800 — 1200 °C), converting it from insoluble iron to soluble ferrous
or elemental forms, followed by acid leaching to remove iron in ilmenite in order to obtain
synthetic rutile TiO, products. The details and comparison of these commercialised
processes characteristic are summarised in Table 2.5. Current commercialised processes
require high amounts of energy to convert ilmenite to synthetic rutile and generate a huge
amount of waste, thus direct leaching-purification processes have been developed to

obtain TiO».
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Table 2.5: Commercialised process of Ilmenite conversion to TiOz (Zhang et al., 2011).

Process Thermo-conversion treatment Leaching Advantage Disadvantage
Becher Iron oxidized to pseudobrookite (1) NH4Cl/O2 Diverse Ilmenite ores can be as Require multiple steps for iron
and reduced to metallic Fe at (2) 0.5M H2SO4 | feedstock conversion and leaching,
1200°C High emission of CO; and energy
demand.
Benelite Iron convert into Fe(II) in carbon 18-20% HCIl One step conversion of iron A higher requirement for ilmenite
thermo-reduction as feedstock.
Murso Equivalent to Becher process but 20% HC1 Better efficiency and easier HCI Require multiple steps for iron
fluidised beds are used entire recycle conversion and leaching,
process High emission of CO; and energy
demand.
Laporte The lower temperature required for | 18% HCl witha | No fine TiO> particle formation. Require multiple steps for iron
iron conversion under controlled bed contractor. High FeO removal efficiency. conversion and leaching.
COy pressure. High emission of CO».
Kataoka (in | Iron to ferrous iron conversion H>SOq4 Low leaching temperature and low Generate large quantity of iron
Japan) corrosive of acid used. sulphate wastes.
Austpac [lmenite magnetization at 800- 25% (w/w) HCI1 Higher purity (>97%) synthetic rutile | Higher concentration of acid

1000°C

produced

required for remove remaining
magnetic iron form.




2.4.2  Sulphuric acid leaching processes

The sulphuric acid leaching process or sulphate leaching process was the first
commercialised technology to convert ilmenite to TiO. Natural ilmenite containing
roughly 40-60 % of TiO and/or titanium slag with roughly 72-87 % of TiO> content
formed water soluble sulphates, titanyl sulphate (TiOSO4) and iron sulphates (FeSO4)
when they were digested with sulphuric acid. Then, metallic iron scrap is used to convert
the ferric iron to ferrous iron to prevent the co-precipitation of ferric iron with TiO». The
solution is cooled down for ferrous sulphate to crystallise followed by the hydrolysis of
TiO,. Alternatively, Han et al. (1987) suggested the use of methyl alcohol to separate
TiOSO4 and FeSO4 as TiOSOy4 is insoluble in methyl alcohol but not FeSO4. A similar
process had been developed by BHP Billiton researchers by using a solvent extraction
process to isolate crystals of TiOSOs, followed by hydrolysis and calcination to form

titania (Roche et al., 2008a).

The typical conventional sulphate leaching process is widely described in the
following reactions, the ilmenite reacts with sulphuric acid and Fe (II) sulphate and titanyl
sulphate was formed (Eq. 2.21). On the other hand, Fe*" in ilmenite formed Fe (III)
sulphate in the solution and was reduced by iron powder for ferric reduction for easy
separation from the system (Eq. 2.22). As Fe (II) sulphate and titanyl sulphate will
crystalline in the presence of water (Eq 2.23, 2.24) thereby contaminate the final product,
researchers had proposed alternative methods to improve the purity of TiO in product

such as selective solvent extraction and use of reductant such as metallic iron (Zhang et

al., 2011).
FeTiO; + 2H2S04 — FeSO4 + TiOSO4 +2H,0 (2.21)
Fe2(S04)3 + Fe® — 3FeSO4 (2.22)
FeSO4 + 7TH20 — FeSO4¢7H20 (2.23)
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TiOSO4 + 2H,0 — TiOSO4+2H,0 (2.24)

TiOSO4 + 2H20 — TiO(OH)2 + H2SO4 (2.25)

TiO(OH)2 — TiOz + H20 (2.26)
Several researchers have investigated the optimum conditions to achieve high removal
of Fe while preserving TiOSOy4 in solution through sulphate leaching process. Table 2.6
summarises the optimisation of sulphate leaching process by various researchers. The
ilmenite content differs according to the source of ilmenite location, thus it is difficult to
determine the exact optimum condition of each parameter for the sulphate leaching
process but such an investigation provides an insight for research purpose. Based on Table
2.6, the optimum H>SO4 concentration is in the range of 13.5 -15.4 M, and the optimum
time for the reaction was suggested to be within 2 h. On the other hand, there are disputes
regarding the optimum temperature for the sulphate leaching process. Liang et al. (2005)
and Li et al. (2016) proposed the optimum temperature should be around 160-200 °C
whereas Han et al. (1987) suggested 88-100 °C was the optimum temperature. The
difference of observation could link with different experimental design used in the
respective experiments, therefore generating different results. Regardless the difference
on the optimum temperature, it can conclude that high temperature promotes the leaching
efficiency of ilmenite and speed up the sulphate leaching process. In contrast, Li et al.
(2008) proposed a direct TiO precipitation in the sulphate leaching process by using a
low concentration of H>SO4. In the experiment, ~100% of Fe in ilmenite has dissolved in
10 wt.% H2SO4 solution as well as 40% of Ti dissolution was observed but gradually
decreased during the experiment duration. The product has 161.9 m?/g surface area with
an average pore size of 5.3 nm. Li et al. (2008) suggested dilute acid solution with high
temperature conditions increased the rate of titanium hydrolysis since similar

observations occurred in Li’s previous work (2007), thus increase the recovery of TiO>

35



9¢

Table 2.6: Various researches on optimisation of sulphate leaching process for direct leaching and purification.

Ilmenite composition | Acid Temperature [°C] Time [h] | Reductant Final product References

[Wt%] concentration [Wt%]

43.6 TiO2, 34.45 13.5M 160 2 - - (Lietal., 2016)
FeO, 3.11 Fe;03

46.8 TiO2, 37.6 FeO, | 40 wt.% 150 3 FeSOy4 salt ~85Ti (Jiaetal., 2014)
5.1 Fe2O3

47.25 TiOg, 34.21 10 wt.% - - - 97.1 TiOg, 0.6 (Li et al., 2008a)
FeO, 5.58 FexOs Fe203, 2.3 SOs

47.25 TiO,, 34.21 10 wt.% - - - - (Li et al., 2007a)
FeO, 5.58 Fe;03

55.1 TiO2, 20.3 FeO, | 12.9 M 120 (9.2 M) 4 - - (Sasikumar et al., 2007)
19.9 Fe;03

47.5 TiO2, 32.7 FeO, | 154 M 180-200 - - - (Liang et al., 2005)
5.5 Fe203

51.06 TiO2, 36.82 14.1 M 88-100 - - - (Han et al., 1987)

FeO, 4.97 Fe,03




from sulphate leaching process. In addition, Jia et al. (2014) and Roche et al. (2008)
highlighted that high concentration of H2SO4 (>40 wt.%) prevented premature TiO>
hydrolysis and precipitation (Roche et al., 2008b).

Albeit the sulphate leaching process has been well-studied, the research on the
conversion of ilmenite into photo-catalyst through the sulphate leaching process is still
lacking. Smith et al. (2010) and Torres-Luna et al. (2016) had synthesised a photo-catalyst
from ilmenite using the sulphate leaching process (Smith et al., 2010; Torres-Luna et al.,
2016). The photo-catalyst from Torres-Luna et al. (2016) experiment had high
concentration of TiO, with 2.85 eV band gap energy, 192 m?/g surface area and contained
0.24 wt.% of Fe. Similar result was reported by Smith et al. (2010) work with 2.73 eV
band gap energy, 16 m%/g surface area and the photo-catalyst contained a mixture of
FeTiOs, Fe2O3 and sulphated Fe,Os3-TiOs. It is clear that the presence of iron species in
the structure has significantly reduced the band gap energy of TiO2. However, the photo-
catalyst in the test for photo-degradation experiment was not conducted in their study
whereas Smith et al. (2010) demonstrated the photo-catalyst underwent photo-catalytic

decomposition of 4-chlorophenol under UV light irradiation.

In the conversion of ilmenite to TiO,, the sulphate leaching process can process low
grade ilmenite (>44% Ti0:) or Ti slag (78% Ti02) with low energy consumption. The
capital cost for sulphate leaching process is low as the technology set up requirement is
not complex. However, this study would not focus on using sulphate leaching process to
synthesise pre-treated ilmenite because the sulphate leaching process is known to
consume a high amount of H>SO4 and generate large iron sulphate and dilute H>SO4 waste

which requires additional cost for proper treatment before disposal (Zhang et al., 2011).
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2.4.3 Hydrochloric acid (HCI) leaching process

The HCI leaching process or chloride leaching process employs more complicated
technology to produce TiO2 with higher purity. Similar to the sulphate leaching process,
natural ilmenite can be used as feedstock for the conversion from ilmenite to TiO,. Titanyl
chloride (TiOCl) and iron chloride (FeCl, or FeCls) formed when digestion of ilmenite
with HCI solution. Berkovich et al. (1975) had developed a direct leaching process to
dissolve around 80% of the titanium and iron in the ilmenite ore with concentrated HCI.
In the study, Sulphur dioxide (SO2) was used to reduce ferric ions to ferrous ions followed
by the crystallisation and separation of FeCl,. The titanium chloride present in the
solution was then hydrolysed, precipitated and calcined to produce TiO.. Berkovich
pointed out that reduction of Fe(III) to Fe(Il) is important due to the affinity between TiO>
and Fe(IIl), causing difficulty in separation between Fe(Ill) and TiO2 (Berkovich, 1975).
Alternatively, Mahmoud et al. (2004) used iron powder as a reductant to accelerate the
iron removal efficiency and avoid secondary contamination from foreign elements.
Similar observations were reported in El-Hazek et al. (2007) and Lasheen et al. (2005)
studies. In the chloride leaching process, two types of approaches were proposed to
produce TiO; i.e. simultaneous hydrolysis and two-step hydrolysis. In simultaneous
hydrolysis, Ti ions reacts with Cl” to form TiOCl,, upon which TiOCl, hydrolyses and
polymerises to TiO». In two-step hydrolysis, after Ti and Fe have dissolved in the solution,
a solvent is used to separate iron formed and Ti formed compounds, then the raffinate is

hydrolysed to produce TiO> (Duyvesteyn et al., 2002a; Duyvesteyn et al., 2002b).

The mechanism of the chloride leaching process for the conversion of ilmenite is
shown in eq. 27-29. Iron oxide species will react with HCI and formed FeCl, and FeCl3
(Eq. 2.27& 2.28). On the other hand, Ti ions that leached out from ilmenite formed titanyl

chloride before precipitated to TiO> through hydrolysis (Eq 2.27 &2.29). Chloride
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leaching process can yield TiO2 product with high purity due to FeCl> and FeCls are

highly soluble in water.

FeTiO3 + HCl — FeClz + TiOClz + 2H2,0 (2.27)
Fe;O3 + 6HCI — 2FeCls + 3H20 (2.28)
TiOCl, + H20 — TiO; + 2HCI (2.29)

Various researches in the optimisation of Fe removal in chloride leaching process have
been summarised in Table 2.7. HCI concentration has great influence in the dissolution
of Fe and Ti as an increment of HCI concentration showed better Fe removal from
ilmenite and promoted Ti ion polymerisation and precipitation to TiO> particle. The
polymerisation of titanium would be triggered if the concentration of [Ti(IV)] and [H(I)]
in the solution were more than 10~ M and 0.5 M respectively (Nabivanets & Kudritskaya,
1967). In addition, Cservenyak et al. (1996) tabulated the relationship between the Ti (IV)
species and Cl (-I) concentration where the Cl (-I) concentration in the solution was
determined through the choice of initial acid strength and Ti (IV) concentration increased
as the reduction reaction progresses. In addition, the research also suggested that Ti (IV)
remains as complex titanyl chloride compounds when C1 (-I) concentration is high. These
findings provide useful information for researchers to control the environment for either
promoting or prohibiting the hydrolysis of TiO2. Moreover, Mostafa et al. (2013)
suggested that the process of extracting and purifying titanium as TiOCl» is favoured for

low grade ilmenite mineral (high content of Fe).

In simultaneous hydrolysis, Mahmoud et al. (2004) yielded 90 wt.% of TiO> with 0.8
wt.% of Fe2Os3 for final product whereas Tao et al. (2012) achieved 98.5 wt.% of TiO>
with only 0.5 wt.% of Fe2Os3 in the final product. The enhanced quality of the final product
in Tao et al.’s work was because of an additional mechanical activation step on ilmenite

before the chloride leaching process. The mechanical activation step by mixing active
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Table 2.7: Various researches on optimisation of chloride leaching process for direct leaching and purification.

[Imenite composition | Acid Temperature Time [h] | Reductant Final product [wt%] References

[Wt%] concentration | [°C]

60.6 TiO2, 30 FeO, 30 wt.% 70 - Gypsum - (Gireesh et al., 2015)
1.7 Fe2 O3

49.6 TiO,, 32.8 FeO, |4 M 90 4 Active 98.5 TiO2, 0.5 Fex03 (Tao et al., 2012)

13.7 Fe203 carbon

51.33 TiO», 40.87 20 wt.% 160 10 - 94.72 TiO2, 1.44 Fex0Os (Janssen & Putnis, 2011)
FeO, 6.5 Fe2O3

32.9 TiO, 44.6 20 wt.% 110 6 - - (Akhgar et al., 2010)
Fex03

47.25 TiO,, 34.21 20 wt.% 100 8 - 92 TiO2, 2.1 Fe2O3 (Li et al., 2008b)

FeO, 5.56 Fe,03

44.01 TiO2, 28.5 7™ 80 2.5 Fe powder - (El-Hazek et al., 2007)
FeO, 21.41 Fe20O3

39.5 TiO2, 24.2 FeO, | 15 wt.% 75 - - 89.9 TiOy, 2.5 Fe (Sarker et al., 2006)
33 Fex0s

46.69 TiOo, 27.5 12M 90 8 Fe powder 89 TiOy, 6.7 Fe2O3 (Lasheen, 2005)

FeO, 20.9 FexO3

41.1 TiOy, 24.4 FeO, | 20 wt.% 110 5 Fe powder 90 TiOz, 0.8 Fe203 (Mahmoud et al., 2004)
28.6 Fex O3

26.4 TiO2,35.2FeO | 9.6 M 70-90 - - - (Olanipekun, 1999)




carbon with ilmenite and heated for 1 h in furnace at 1000 °C resulted in carbothermic
reduction of ilmenite, causing most of Fe (III) reduced to Fe (II) which readily reacts with

HCI, therefore it improved the iron removal efficiency by using dilute acid solution.

Compared with the sulphate leaching process, research on the potential of turning
ilmenite into photo-catalyst using the chloride leaching process are far scarcer. Tao et al.
(2013) produced TiO: nanorods through the chloride leaching process and the photo-
catalyst has better photo-catalytic activity in the photo-degradation of oxalic acid
compared with commercial rutile TiO». This is attributed to the presence of Fe impurities
which reduce band gap energy and the good crystallinity of TiO2 nanorods. The chloride
leaching process is more environmental friendly as less waste is generated from the
process. The recyclability of acid in the system is more complete than sulphate leaching
process and yield higher purity products. However, the chloride leaching process requires
higher capital cost for equipment management, sophisticated operation and maintenance
skill. Albeit the mentioned disadvantages, the chloride leaching process was chosen in
this study since the process generate less waste and produce TiO, with minima Fe

impurities in the lattice and these impurities could reduce the recombination rates of TiOx.

2.5 Potential application of doped TiO2 photo-catalyst

Because of the versatility, high chemically and physically stability of titania based
material, thereby this material has received considerable study for environmental catalytic
application such as water purification and pollutant oxidation. Yet its own large band gap
energy hinder the potential of TiO2 application for sun light irradiation. Several recent
studies have showed that doped TiO» photo-catalyst have better performance and
properties over pure TiO> photo-catalyst for application in photo-catalytic oxidation of
pollutant. This is because the addition of dopants reduce the band gap of the TiO2, enable

the doped TiO; to absorb visible light. The conduction band (CB) of the dopant has a
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more negative reduction potential than TiO», allowing the photo-induced electron from

visible light region enter into the lower-energy CB of TiO2 (Smith et al., 2010).

In this study, RB 5 dye (Fig 2.4) was selected because it is a well-known non-
biodegradable disazo dye and it has relatively high consumption rate (Alaton & Balcioglu,
2001). Several researchers have studied the degradation of RB 5 for decolourisation and
mineralisation. Wang et al. (2003) reported ozonation was effective in RB 5
decolourisation but this method yield low mineralisation efficiency. On the other hand,
UV/H>0; and photo-catalytic treatment (UV/Ti0O2) was found to yield impressive result
in both decolourisation and mineralisation of RB 5 (Alaton & Balcioglu, 2001; Mohey
El-Dein et al., 2003; Neamtu et al., 2002). This is because ozone has short life span
whereas photo-catalytic treatment can continuously generate *OH radical as long as
sufficient light energy was supplied. Table 2.8 summarise the studies focus on photo-

degradation of RB 5 by using TiO> and doped TiOx.

Reutergardh et al. (1997) compared TiO> and CdS in photo-catalytic decolourisation
of RB 5 dye and found out that TiO, detoxified the RB 5 wastewater whereas CdS
increased the toxicity of RB 5 wastewater because of its photo-corrosion. In addition, the
photo-degradation efficiency of TiO; has no difference after recycled but the efficiency
of recycled CdS was lower than for new CdS due to precipitation of Cd(OH)> on the CdS
active surface site. Similar result was reported in Alaton et al. (2001) work as 70% of
TOC removal was achieved, indicated most of RB 5 and the intermediate products from
RB 5 was mineralised by *OH radical. On the other hand, Chong et al. (2015) evaluated
the use of TiO; in removal of RB 5 in synthetic and real greywater effluents. The RB 5
removal efficiency in synthetic greywater effluent was 97% in 150 min however the

efficiency was dropped to 76% in real greywater effluent in 330 min of reaction. The
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Table 2.8: Photo-degradation of RB 5 by using TiO: and doped TiOx.

Catalyst RB 5 concentration | Experiment duration | Removal Efficiency [%] Light source Reference

[ppm] [min]
H-TiO; 3 120 99 Solar (An et al., 2017)
Fe-TiO» 20 60 100 Solar (Soo et al., 2016)
TiO2—-ZSM5 | 10 10 >95 uv (Zhou et al., 2016)
TiO, 1 150 97 uv (Chong et al., 2015a)
TiO, — zeolite | 1 100 100 uv (Chong et al., 2015b)
N-Cu-TiO2 - 30 100 uv (Kaur et al., 2015)
TiO2 —ZSMS5 | 50 90 98 uv (Mahadwad et al., 2011)
NZVI-TiO» - 120 100 uv (Satapanajaru et al., 2011)
P25 TiO, 75 60 - uv (Alaton & Balcioglu, 2001)
Anatase TiO> | - - - uv (Reutergadh and langphasuk, 1997)

Figure 2.4: RB 5 structure




reduction of the efficiency because of the competition of TiO> active site between RB 5

and other pollutants present in the real greywater effluent.

Besides the use of pure TiO2 in RB 5 removal, other researchers focus on the use of
doped TiO; in RB 5 removal. For example, Chong et al. (2015) compared the photo-
degradation efficiency of RB 5 dye between commercial TiO; and own synthesised TiO>
— zeolite nano-composite and the study showed TiO; — zeolite nano-composite had higher
kinetic pseudo-first order rate than commercial TiO;. In addition, the study showed the
TiO2 - zeolite achieved 100% degradation of dye in less than 100 min whereas
commercial TiO; required 120 min to achieve similar degradation efficiency. On the other
hand, Zhou et al. (2016) study where the TiO, — Zeolite Socony Mobil-5 (TiO, — ZSM-
5) composite achieved > 95% of RB 5 degradation within 10 min. In addition, the study
also focus on the toxicity of the intermediate product of RB 5 during degradation. The
toxicity increased at first and then gradually decreased, indicating that the highly toxic
intermediates gradually destroyed by further photo-catalytic degradation. Similar result
reflect in Mahadwad et al. (2010) study which TiO, — ZSM 5 had the highest efficiency
with 98% degradation of RB 5 solution in 90 min whereas commercial P 25 TiO> has

only 80% degradation of RB 5.

RB 5 is an anionic dye thus the zeta potential of the catalyst will affect the efficiency
of RB 5 degradation. Kaur et al. (2015) compared the photo-catalytic activity of RB 5 dye
between nano-crystalline undoped, N-doped and N and metal co-doped titania. 100% of
RB 5 degradation was observed in N,Cu co-doped TiO> whereas undoped TiO> has 52.4%
of RB 5 degradation. However, complete mineralisation was not achieved in N,Cu
codoped TiO; as a pink coloured residual solution was observed. Kaur et al. (2015)
pointed out undoped TiO2 and N,Cu co-doped TiO2 has better degradation efficiency than

N-doped and N,Fe co-doped TiO> due to the latter has highly negative zeta potential thus
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lowers the adsorption of RB 5 dye. An et al. (2017) synthesised hydrogenated TiO> (H-
Ti0Oz) using plasma treatment and the H-TiO> achieved >99% of RB 5 dye degradation
under solar light irradiation whereas P 25 has only around 30% of degradation efficiency.
This is because P 25 is a pure TiO> which it can only perform well under UV light region

and UV light account 5% only in visible light spectrum.

Although the research of Fe doped TiO> (Fe-Ti0O.) has been well studied however the
use of Fe-TiO2 on RB 5 degradation is still scarce. Satapanajaru et al. (2011) reported the
nano zerovalent iron doped TiO> (NZVI-TiO») has the degradation kinetic rate constant
0f 0.59 h'! and the kinetic rate was enhanced about four-five times to 2.37 h™! when NZVI-
TiO, was irradiated by UV. On the other hand, Soo et al. (2016) synthesised Fe doped
anatase brookite TiO> (Fe-TiO2) nano-composite and the Fe-TiO; have 100% of dye
degradation efficiency whereas pristine TiO2 accounted around 30% of dye degradation
efficiency only. This is because Fe ions as the p-type dopant create acceptor centre which
has trapping effect for photo-generated electron thus reduce the recombination rate for

photo-generated electron-hole pairs.

Compare with pure TiO2, doped TiO: provide better performance in photo-catalytic
degradation of RB 5. However, the current focus is on the bottom up synthesis of doped
TiOz rather than the top bottom synthesis. This is because of the dopant concentration can
be controlled in the bottom up synthesis but the chemicals used in this synthesis are
harmful to people. For example, titanium (IV) isopropoxide is used widely in sol-gel
method to synthesise titania material catalyst, and the chemical can cause skin and eye
irritation and it is acute toxic to human. Besides that, proper disposal treatment has to be
in consideration for the waste generated in the bottom up synthesis. On the other hand,
there are many benefits by using the top bottom synthesis method such as less harmful

chemical in use and easy set up but the dopant concentration is hard to control in this
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synthesis. In this study, top bottom synthesis method was used as it is more eco-friendly

and less harmful chemical was used in this method.

Although there has been a study to produce TiO; nanorods from ilmenite through
chloride leaching process and shown good photo-catalytic activity, there is a lack of study

on the effect of Fe ion content in the pre-treated ilmenite for photo-degradation of RB 5.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

Chapter 3 covers the explanation and discussion of three important sections to study
the photo-catalytic activity of raw and pre-treated ilmenite. The first section provides
information about the raw material selection and type of chemicals that were used in this
study. The second section elaborates on the experimental procedure and design of
experiment to form pre-treated ilmenite by considering the effect of acid concentration,
time, temperature and calcination temperature. The third section emphasised on the
photo-catalytic dye removal performance test with regards to raw and pre-treated
ilmenite. These studies aim to determine the optimum processing parameters to obtain
desired pre-treated ilmenite for the best photo-catalytic dye removal performance by
improving the raw ilmenite. The last section of this chapter outlines the characterisation
of structural, morphological, optical, electronic and electrochemical properties of the raw
and pre-treated ilmenite using various techniques, such as FESEM, EDX, XRD, Raman,
XPS, and PL analysis. This covers a brief explanation on the characterisation equipment,
operating principles and sample preparation. In this research, pre-treated were synthesised
via acid leaching technique. The outline of research methodology is presented in Figure

3.1.

47



Figure 3.1: Overview of research methodology

3.2 Raw materials and chemical

All chemicals and material selection would be remaining under the same manufacturer
throughout entire research in order to achieve standardised results. In this research study,
pre-treated ilmenite was treated by using acid leaching method under different conditions,
including acid concentration, exposure time, exposure temperature and calcination
temperature. The general information and properties of the chemicals and raw materials

used in this research are specified in Table 3.1.
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Table 3.1: Raw materials and chemicals used for the synthesis of pre-treated

ilmenite.
Material Function Manufacturer Properties
Natural ilmenite precursor Tor Minerals Chemical formula: FeTiO3
sand Co., Ltd., TiO2 min 58% wt
Malaysia Total Fe max 24% wt
AlO3 max 0.8% wt
Si0; max 0.8% wt
Hydrochloric acid | Leaching agent | Merck Chemical formula: HCI1
and indicator Purity: 37%, ACS,ISO
of inorganic Reagent
ion (CI)
Nitric acid Indicator of Merck Chemical formula: HNO3
inorganic ion Purity: 65%, ISO
(NOs)
Sulphuric acid Indicator of Merck Chemical formula: H>SO4
inorganic ion Purity: 95-97%, ISO
(SO4%)
Ortho-Phosphoric | Indicator of Merck Chemical formula: H3PO4
acid inorganic ion Purity: 85%, ACS,ISO
(PO4>) Reagent
Reactive Black 5 | Model Sigma Aldrich Chemical formula:
pollutant C26H21N5NasO19Se
compound Dye content: >50%
33 Experimental procedures

Natural ilmenite mineral (Tor Minerals Co., Ltd., Malaysia) was used as the starting
materials. The sample was crushed and ground by using an agate mortar. Then, the
crushed sample was sieved by a siever to ensure all sample is less than 45 pm and used
for conducting in this research work. In the acid leaching experiments, the ilmenite
powders, stirring rods, and their corresponding aqueous solution were placed in Schott
bottles. The bottles then were immersed in silicon oil baths on the top of a hot plate. The
solution was stirred at 450 rpm to ensure slurry suspended during the leaching

experiment. Figure 3.2 displays the detailed flow chart of the catalyst synthesis.
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Hydrochloric Exposure Exposure time [h] Calcination
concentration [%] temperature [°C] P 6. 48 temperature [°C]
:15-35 :90-120 ' : 500 - 900

Figure 3.2: Detailed flow chart of pre-treated Ilmenite synthesis.

3.3.1 Acid leaching procedure

A 2.5g of ilmenite powder was treated with 250 ml of HCl solution. The HCl solution
has respectively concentration of in term of v/v% (15, 20, 25, 30 and 35%) and the
mixture was treated at 100 °C for 24 h. The samples were denoted as H-X, in which X
represents the HCI concentration i.e. H-15 represent ilmenite has been pre-treated with
15% HCI. The suspension was centrifuged after leaching and the leached sample was
washed and dried at 70 °C for 12 h. The sample then was tested its photo-catalytic activity
by degrading 5 ppm of Reactive Black 5 dye at pH 3 to identify the optimum acid
concentration used to produce pre-treated ilmenite with the highest photo-degradation

efficiency.

After determination of the optimum acid concentration, a 2.5g of ilmenite powder and
250 ml of HCI solution was treated at different exposure temperature for 24 h. The
samples were denoted as T-Y, in which Y represent the exposure temperature i.e. T-90
represent ilmenite has been pre-treated under 90 °C. Similar photo-degradation test was

conducted to determine the optimum exposure temperature for pre-treated ilmenite.

At last, a 2.5g of ilmenite powder and 250 ml of HCI solution was treated under
optimised acid concentration and exposure temperature for various exposure time. The
samples were denoted as TI-Z, in which Z represents the exposure time i.e. TI-8 represent

ilmenite has been pre-treated for 8 h.
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3.3.2 Calcination temperature

In this experiment, different calcination temperatures were used to refine the
crystalline phase of pre-treated ilmenite after acid leaching treatment. The calcination was
done in the air atmosphere with the heating rate at 5 °C min™' for 4 h dwell time. The pre-
treated ilmenite then was cooled down naturally until the room temperature was achieved.
Figure 3.3 shows the annealing profile of the calcination of pre-treated ilmenite. The
calcination temperature chosen was from 500 to 900 °C with 100 °C increments and then

denoted as C-500, C-600, C-700, C-800 and C-900, respectively.

All the pre-treated samples then will be tested their photo-catalytic activity which
mentioned in section 3.4. The sample with the best photo-catalytic activity will be

selected and its physicochemical properties will be studied.

Figure 3.3: Annealing profile of the calcination of pre-treated Ilmenite.

34 Photo-catalytic activity testing of raw and pre-treated ilmenite
The photo-catalytic measurement of raw and pre-treated ilmenite was conducted as
batch photo-catalytic reaction system. In this experiment, 5 ppm of RB 5 solution was

prepared with deionised water using a volumetric flask. 1.0 g/L of pre-treated ilmenite
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powder was dispersed in of 50 ml of RB 5 dye. The pH of RB 5 solution was adjusted to
pH 3 by using 1M of nitric acid solution. A photo-reactor with a 150 W Xenon Arc lamp
mimicking solar light (200-2500 nm, Newport), magnetic stirrer and air pump was
installed as shown in Figure 3.4. The reaction was set for 30 minutes in the dark
environment and then followed by 30 minutes light irradiation. The solution was then
filtered and measured by UV-Vis spectrophotometer to determine the remaining

absorbance of RB 5 at wavelength of 597 nm.

Figure 3.4: Schematic diagram of the photo-reactor set up for photo-
degradation of RB 5 dye solution.

The parameters for the photo-catalytic activity of raw ilmenite are summarised in

Table 3.2.
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Table 3.2: The parameters investigated on the photo-catalytic activity of raw

ilmenite
Parameters investigated Constant value
Effect of pH Concentration of dye, temperature, stirring

speed, catalyst loading, acid used

Effect of different inorganic ions Concentration of dye, temperature, stirring
speed, catalyst loading, pH

Effect of catalyst loading Concentration of dye, temperature, stirring
speed, acid used, pH

For the pH study, RB 5 solution was initially adjusted to pH 2, 3, 4, 6, and 9. The pH

of the RB 5 dye solution was adjusted with 1 M of HNO3 and 1 M of NaOH.

For inorganic ion study, the pH of RB 5 dye solution was set based on the optimum
photo-catalytic activity. 1M of HCl, HNO3, H2SO4 and H3PO4 solution were used to

adjusted pH value of RB 5 dye solution which is pH 6.

For catalyst loading study, the pH of RB 5 dye solution and the acid solution used were
determined from the previous study. A 0.5, 1.0, 1.5, and 2.0 g/L of catalyst loading was

used to determine the optimum photo-catalytic activity for RB 5 dye removal.

The kinetic rate of photo-catalytic activity of raw and pre-treated ilmenite was
determined using Eq. (3.1); £’ denote as pseudo-first order rate constant, Cy the initial

concentration of RB 5 and C is the concentration at time “#”.
C !
In[—]=k't (3.1
Co

3.5 Catalyst characterisations
The pre-treated ilmenite was characterised using various techniques to comprehend
the properties of the material. The principles of the characterisation techniques and the

parameters set to analyse the samples were described and indicated. The phase structure
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analysis was examined by using X-ray diffraction (XRD) and Raman spectroscopy,
photoluminescence spectroscopy (PL) for carrier recombination analysis. Field emission
scanning electron microscopy (FESEM) was used for morphological studies, Energy-
dispersive X-ray spectroscopy (EDX) for elemental composition analysis, X-ray
photoelectron spectroscopy (XPS) for chemical state analysis and optical properties
analysis was conducted by UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS). The
surface area and pore size of the pre-treated ilmenite were studied by nitrogen adsorption-
desorption method. Zeta potential was conducted for electrochemical equilibrium on

interfaces of the sample.

3.5.1 X-ray Diffraction

The information of phase structure of the raw and pre-treated ilmenite was obtained
by using X-ray diffraction analysis. At first, the sample was grounded into fine powder
in an agate mortar and then around 0.1 g of the fine powder was pressed using a glass
slide evenly on the sample holder prior put it into the sample chamber of the
diffractometer. In this research, XRD analysis was conducted using a D8 Discover Bruker
diffractometer from 20 to 70° with Cu Ka radiation A = 0.15406 nm at step size of 0.02°

sl

XRD is a technique used for studying the atomic and molecular structure of a crystal
and atomic spacing, in which the crystalline atom diffract a beam of incident X-ray into
various specific directions. The incident rays interact with the sample and produce
constructive interference when conditions obey Bragg’s Law (nA = 2d sin0).
Crystallographer can generate a three dimensional picture of the density of electrons
within the crystal by measuring the angles and intensities of these diffracted beams. All
possible diffraction directions of the lattice should be attained by scanning the sample

through a range of 20 angles even though the random orientation of the powdered
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materials. The diffraction peaks covered to d-spacing, which provide a unique fingerprint
of the materials present in the sample as each mineral has a set of unique d-spacing (Klug
and Alexander, 1954; Skoog et al., 2007; Valcarcel, 2012; Warren, 2012). The reference
pattern from International Centre of Diffraction Data (ICDD) database was used to
compare with the generated XRD spectrum, the phases of the sample can be calculated

and identified.

The crystalline size of crystallites can be calculated by using Scherrer equation

(Warren, 2012). The Scherrer equation can be written as below:

K2
T = T (3.2)

In the Eq. 3.2, the 1 is the mean size of the ordered crystalline domains, K is a shape
factor with no dimension with a value of 0.9. The A is the X- ray wavelength, § represents

the line broadening at half the maximum intensity and 0 is the Bragg angle.

3.5.2 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to provide information about
molecular vibrations that can be used for sample identification and quantisation. Raman
spectroscopy is commonly used for sample phase identification as every molecule has its
unique fingerprint. The technique involves shining a monochromatic light source on a
sample and detecting the scattered light. The majority of the scattered light is of the same
frequency as the excitation source, this phenomenon is known as Rayleigh or elastic
scattering. A small amount of scattered light is shifted in energy from the laser frequency
because of the incident electromagnetic waves interact with the vibrational energy levels
of the molecules in the sample. The intensity of the shifted light versus frequency plots
result in a Raman spectrum, which showed the energy levels of different functional group

vibrations (Bowley et al., 2012; Colthup, 2012; Long, 1977; McCreery, 2005; Skoog et
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al., 2007; Valcarcel, 2012). The Raman analysis in this study was initiated with 0.1 g of
the sample was grounded into fine powder in an agate mortar and the fine powder then
was placed evenly on a new glass slide followed by placing the glass slide under the
objective lens of Raman spectroscopy machine. In this research, the crystal structures of
the samples were determined by using a Raman spectrometer (Renishaw in Via) and its
Windows-based Raman Environment (Wire™) software. The Argon ion laser with 514.5

nm wavelength was used as an excitation source.

3.5.3 Photoluminescence Spectroscopy

All solids have energy gaps for the conducting electrons and some of the electrons in
a solid are not firmly attached to the atoms. These loosely attached electrons are bound
in the solid by differing amounts and thus have many different energies. Electrons having
energies above a certain value are referred to as conduction electrons while electrons
having energies below a certain value are referred to as valence electrons. Under normal
conditions, electrons are forbidden to have energies between the valence and conduction
bands. When a substance absorbs photons, its electrons have enough energy for them to
excite from valence to conduction bands. The conduction electrons then emit photons and
return to a lower energy state. The energy of the emitted photons also known as
photoluminescence, which relates to the difference in energy levels between the electron
states involved in the transition between the excited state and equilibrium state. Thus,
photoluminescence is light emission from any form of matter after the absorption of
photons. Defect or disorder in a substance can cause localisation of carriers and leading
to a drastically increase of photoluminescence life time (Che & Védrine, 2012; Kumar,
2013; Lakowicz, 2013; Perkowitz, 2012; Skoog et al., 2007; Valcarcel, 2012). In this
research, a small amount of sample in the fine powder form was placed evenly on the top
of a new glass slide and then was put into microscope. The recombination in the samples

was characterised using Raman Microscope (Renishaw in Via) with 325 nm wavelength
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monochromatic beam. The photoluminescence was recorded in the range of 350 nm to

750 nm.

3.5.4 Field Emission Scanning Electron Microscopy

A Field Emission Scanning Electron microscopy (FESEM) is microscope that works
with electrons, which are liberated by field emission source. A FESEM is used to
visualize very small topographic details on the surface or entire or fractioned objects.
Morphology and composition of the solid sample could also be studied by FESEM
technique, providing a characteristic three-dimensional appearance for researchers easy
to understand the surface structure of a sample. The working principle of FESEM is based
on electrons are liberated from a field emission source and accelerated in a high electrical
field gradient. Within the high vacuum column, these so called primary electrons are
focused and deflected by electronic lenses to produce a narrow scan beam that bombards
the solid sample. As a result, secondary electrons are emitted from each spot on the object.
The angle and velocity of these secondary electrons relate to the surface structure of the
object. A detector catches the secondary electrons and produces an electronic signal. This
signal 1s amplified and transformed into a video scan image that can be seen, save and
process further (Echlin, 2011; Echlin et al., 2013; Goldstein et al., 2012; Reimer, 2000).
The sample preparation for FESEM analysis was begun by the sample was sprinkled
evenly on the top of a carbon conductive tape which it was attached on the surface of an
aluminium sample stub. In this research, raw and pre-treated ilmenite were examined
using a JOEL JSM 7600-F field emission scanning electron microscope operate at 3kV
and 5kV and magnifications of 10, 30, 50 and 100 kX were typically used for detailed

characterisation.
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3.5.,5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron spectroscopy (XPS) reveals the presence of chemical elements at
the surface and the nature of the chemical bond that exists between these elements. In
XPS experiment, sufficient energy input breaks the photoelectron away from an element
core. The electron binding energies are relied on the chemical environment of the atom,
giving the XPS a significant tool to identify the chemical state and oxidation state of an
atom (Carlson, 1978; Chastain et al., 1995; Van der Heide, 2011). In this research, small
amount of sample in fine powder form was pressed into a pellet and was vacuumed in
ultra-high vacuum (UHV) chamber before and during the measurement. The examination
of chemical and oxidation states of raw and pre-treated ilmenite was executed on a PHI
Quantera Il scanning X-ray microprobe using an Al cathode (hv = 1486.8 ¢V) with 100
microns spot size and 280 eV pass energy. Survey scan was conducted in the range of 0-
1200 eV whereas the determination of Fe 2p, O 1s and Ti 2p regions was conducted by

narrow scan. The C 1s peak at 284 eV was used a charge correction reference.

3.5.6 UV-vis Diffuse Reflectance Spectroscopy (DR-UV-Vis)

Beer-Lambert discovered the relationship between the attenuation of light and the
properties of the material which the light is travelling through, thus Beer-Lambert law
states that the absorbance of a solution is directly proportional to the concentration of the
absorbing species in the solution and the path length. Therefore, UV-Vis spectroscopy
can be used to determine the absorption values of liquid samples or concentration of the
absorber in a solution through measuring the relative change of light transmittance as it
passes through the solution for a fixed path length. The relative change of light
transmittance due to absorbing species absorbs part of the light energy, result in a decrease

in the amount of light at that particular energy level (Kumar, 2013).
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DR-UV-Vis spectroscopy can be used to compute the energy band gap value of the
material when the material interacts with light of various wavelengths. As the opaque
solid sample prohibit light penetration, the light reflected on the surface of the sample and
diffuse reflectance spectroscopy measures the relative change in the amount of reflected
light off of the surface of the sample. A diffuse reflectance spectroscopy spectrum is
produced, indicate the interaction of the sample with light of various wavelength,
resulting electrons excite from the valence bands into the conduction band (Jackson &
Hargreaves, 2009; Skoog et al., 2007; Valcarcel, 2012). In this research, the samples were
grounded into fine powder in an agate mortar and then it placed in a quartz cell fairly
before inserting into spectrophotometer. A barium sulphate standard was measured and
used as a reference spectrum prior samples measurement. The optical properties of the
raw and pre-treated ilmenite were examined using a Shimadzu UV-2700 UV-Vis
Spectrophotometer and diffuse reflectance spectrum measurement was done in

wavelength range of 240 to 800 nm using an integrating sphere.

3.5.7 Nitrogen adsorption-desorption measurement

The theory of physical adsorption of gas molecules on solid surfaces was explained by
Brunauer, Emmett, and Teller (BET). The BET theory is according to the following
hypotheses: (a) gas molecules adsorbed on a solid layer physically and infinitely; (b) each
adsorption layer is no interacted with each other, and (c) formation of each layer obey
Langmuir theory. Hence, the BET theory can be used for monolayer and multilayer
molecular adsorption as long as they obey the hypotheses. The specific surface area of a
powder is determined by physical adsorption of a gas on the surface of the solid and
calculating the amount of adsorbate gas corresponding to a mono-molecular layer on the
surface. Van der Waals forces hold the adsorbate gas molecules on the adsorbent surface
area of the test powder. The determination is normally performed at the temperature of

liquid nitrogen (Lowell & Shields, 2013). In this research, the surface area and pore size
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distribution were investigated using Micromeritics ASAP 2020. Outgassing step was
initiated to remove the gases and vapours before measurement of the specific surface area
of the sample. 0.2 g of sample was degassed overnight at 300 °C under vacuum in order
to ensure no previous adsorbed gas on the surface of the sample. Then the sample was

shifted to the analysis station to cool down in liquid nitrogen.

3.5.8 Zeta Potential

Zeta potential is a magnitude measurement of the electrostatic or charge
attraction/repulsion between particles, and it is one of the fundamental parameters to
know affect stability. At the surface of particulate, there are a positive and negative charge
separation components thus a region of varying electrical potential has created. When two
different phases of particulate or molecules contacted each other, a difference in electric
potential between them is developed. For example, water is a dipolar molecules and it
orient into a certain direction at the interface of another surface, creating an electric
potential difference between themselves. This difference is known as electro-kinetic and
calculation of zeta potential can be measured based on data from electro-kinetic
phenomena as electro-kinetic measurements are based on the electrostatic potential
difference between the interior of the liquid phase and a certain plane or surface in the
interfacial regions. The mechanisms behinds the development of zeta potential can be
divided into four depends on the situation: (1) differences in the affinity of the two phases
for electrons, (2) differences in the affinity of the two phases for ions of one charge or the
other, (3) ionization of surface groups, and (4) physical entrapment of non-mobile charge
in one phase (Hunter, 2013). In this research, 0.05 g of sample was soaked in deionised
water and sonicated to prevent agglomeration. The mixture then was placed under an
auto-titration machine where 1 M HCI and 1 M NaOH solution were prepared for pH
adjustment. The zeta potential of raw and pre-treated ilmenite was measured by Malvern

Zetasizer Nano Seires ZS.

60



3.5.9 Elementary analysis

The trace of elements in the solution can be detected and analysed by using inductively
coupled plasma — optical emission spectroscopy (ICP-OES). During the analysis, the
Argon plasma energy from outside is given to the component elements or atoms, causing
the excitation occurred. The spectrum rays are released from component elements after
the excitation process and the corresponded photon wavelength are measured. The
position of the photon rays are used to determine the element type whereas the intensity
of the rays can determine the content of the elements. In this study, 10 ml of samples was
filtered and collected after the photo-degradation of dye by using raw ilmenite. The lines
to be studied for specific element were selected. The standards and the anticipated
working range for these specific elements were prepared before the analysis. The

elementary test of the solution was measured by Perkin Elmer Optima 5300 DV.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results obtained from the experiments conducted and the
discussion of the analyses. There are three main sections in this chapter, in which the
results of the experiment work carried out by using raw ilmenite and pre-treated ilmenite
as a catalyst as well as the discussion based on the experiment results are presented. In
the first section, the physiochemical properties of raw ilmenite were characterised by
conducting several characterisation methods to determine the chemical state, the
crystalline phase, specific surface area and pore size, surface stability, particle
morphology, carrier recombination and optical properties and element composition. The
photo-catalytic activity of raw ilmenite was determined by the photo-degradation of RB
5 dye solution under artificial solar light irradiation. Several parameters were proposed
and conducted in order to determine the optimum condition for raw ilmenite in photo-
degradation of RB 5 dye solution. The physicochemical properties of pre-treated ilmenite
at different HCI1 concentration were discussed in section 4.3. Section 4.4 focuses on the
photo-catalytic activity of the pre-treated ilmenite by studying the photo-degradation of

RB 5 dye solution.

4.2 Raw ilmenite

In this section, the physiochemical properties and the photo-catalytic activity of raw
ilmenite are presented in subsequent sections respectively. The study of the photo-
catalytic activity of raw ilmenite focused on the effects of RB 5 dye solution pH, the

presence of inorganic ions and the catalyst loading.
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4.2.1 Physiochemical properties of raw ilmenite

The quality and crystalline phase of raw ilmenite were characterised by XRD and
Raman spectroscopy. Figure 4.1 displays the XRD patterns of the raw ilmenite. The
existence of ilmenite in the XRD pattern was clearly shown from the presence of the (104)
peak at 26 = 32.65° (JCPDS: 29-0733 (raw ilmenite) and 96-900-8036 (rutile TiO.));
whereas in the TiO; (rutile) spectrum, the (110), (101), (111), and (211) were observed.
The intensity at (101), (111) and (211) is higher compare with that of pure rutile TiO:
(Yan et al., 2013), indicated that the presence of Fe in the lattice structure enhanced the
non-active site of rutile TiO; since previous studies suggested the (110) peak is rutile
TiO; active site (Schaub et al., 2001; Zhao & Liu, 2014). Besides that, each rutile TiO»
peak has an ilmenite peak next to it, suggesting the formation of Fe — TiO; bonding in the
structure yet similar observation was not found in the Fe doped rutile (Abazovi¢ et al.,
2009a). This may due to high Fe ions concentration in raw ilmenite which is more than
20% whereas synthesised Fe doped rutile has a maximum of 4.20% of Fe ions. Because
of excessive Fe — TiO2 bonding in raw ilmenite, this may probably reflect that the raw
ilmenite has low photo-catalytic activity since overloaded Fe ions in the lattice structure
might increase the recombination rate of photo-electron holes pairs. The composition of
raw ilmenite contains 62.7% of rutile and 37.3% of ilmenite based on the XRD pattern in
Fig 4.1. Rutile has the characteristics of a thermodynamically stable polymorph at all
temperatures and pressures, therefore TiO: in the raw ilmenite normally are in rutile phase
as the minerals typically found in igneous and metamorphic rock which had once
experienced extreme temperature and pressure during geological formation (Li et al.,
2008b; Mahmoud et al., 2004; Pataquiva-Mateus et al., 2016). The crystalline size of raw
ilmenite and rutile TiO2 were 6.39 nm and 2.96 nm respectively based on the Sherrer
equation. The bigger crystalline size of raw ilmenite was due to the chemical bonding of

Fe-TiO,. However, typical rutile TiO> peaks at 447 and 613 cm™ was not shown in the
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Raman diagram in Figure 4.2 while on the contrary the Raman peaks of natural Fe>Os
and FeO was observed. This is because the Raman peaks of rutile TiO> has been
overlapped by the Raman peaks of Fe oxide species. The Raman peaks of Fe>O3 occur at
424 cm™, 1320 cm™! and FeO occur at 154 cm™, 298 cm’!, 546 cm™!, corresponding with

Faria et al.(de Faria et al., 1997) and Raman peaks for raw ilmenite are located at 680 cm"

1

Figure 4.1: XRD pattern of raw ilmenite (R: rutile TiO2; I: raw ilmenite)

Figure 4.2: Raman plot of raw ilmenite. (Fe: FeO, Fe*: Fe203, I: raw ilmenite)
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Next, the XPS analysis was conducted to identify the chemical composition and
oxidation state of the raw ilmenite. Both Ti and Fe are transition elements; hence, they
may exhibit different oxidation states. In this study, the three areas of the XPS spectrum
of raw ilmenite was examined. The Ti 2p region between 450 to 470 eV (Fig. 4.3b), the
O Is regions between 520 and 535 eV (Fig. 4.3c) and the Fe 2p regions between 700 to
740 eV (Fig 4.3d). The presence of C at 284 eV, which is attributed to the adventitious
hydrocarbon in the XPS instrument itself. In Figure 4.3b, the Ti 2p32 and Ti 2p12 spin-
orbital splitting photo-electrons for raw ilmenite are observed at binding energies of 464.2
and 458.3 respectively. Similar observations was reported by previous studies (Abazovié¢
et al., 2009a; Zhu et al., 2006), thus the Ti binding energies are not affected by Fe ions.
In addition, the absence of peak broadening of Ti 2ps. signal indicated no Ti** species
were observed in raw ilmenite, thus this study may conclude that the presence of Ti*"
species only in raw ilmenite. The XPS spectrum of O 1s core level of raw ilmenite was
displayed in Figure 4.3c with the Eg at 529.60 eV which is in contrast compared with
previous studies on pure TiO; with the E; at ~530 eV (Bharti et al., 2016; Ghafoor et al.,
2017). The negative E, shift of lattice O* may because of the high concentration of Fe-
O-Ti bonds in raw ilmenite. The O 1s peak can be further separated into several
contributions corresponding to the bonding with Fe and Ti. The main contribution is from
Ti** by Ti-O bonding. The second contribution is from Fe** by Fe-O bonding and the
remains are attributed by carbon bonding from adventitious hydrocarbon in XPS itself
which are not displayed in Figure 4.3¢c. The oxidation state of Fe is shown in Figure 4.3d.
The peak position of Fe 2ps, Fe 2pizand satellite peak are 710.8, 724.0and 718.5 eV
respectively, which experienced small shift compared to Fe;Os3 (Yamashita & Hayes,
2008). This may due to the diffusion of Fe*" ions into TiO> lattice structure (Glisenti,
2000). However, there is no peak from Fe** was observed because of the Fe?* ions in low

concentration thus beyond detection from the instrument. The formation of satellite peak
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in the XPS is because of the ionisation of X-ray with slightly higher photon energy than

the main Al Ka line (Zhang et al., 2008).

Figure 4.3: XPS survey (a) spectrum of raw ilmenite and XPS spectra of (b) Ti 2p
(¢) O 1s and (d) Fe 2p
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The surface stability of raw ilmenite was identified by zeta potential and the result is
shown in Figure 4.4. The point of zero charge (PZC) of raw ilmenite is located at pH 4.5
whereas the pure rutile TiO; is proposed to be at pH 5.4 (Kosmulski, 2002). Hence, the
surface zeta potentials of raw ilmenite were more negative than pure rutile TiO-,
suggesting that the surface of raw ilmenite are acidic. The OH group on the TiO> surface
which located at terminal sites and bridging sites represent as basic and acidic sites
respectively (Miyauchi et al., 2004). The reported pKa value for OH groups at the basic
and acidic site are 12.7 and 2.9 with nearly identical amount of OH groups in both sites
(Boehm, 1971). Hence, the TiO2 has neutral value on IEP and exhibits amphoteric
properties. Previous studies suggested the electronegativity of metal ions will affect the
strength of the O-H bonding on it. For example, the strength between O-H bonding relies
on the polarisation of covalent electron pairs (Misono et al., 1967; Tanaka & Ozaki,
1967). On the other hand, Zhou et al. (2006) reported that increase of dopant
concentration in metal-doped TiO> will decrease the PZC value of the catalyst due to the
surface enrichment of species with an acidic behaviour. Furthermore, the acidity of a
metal ion increase with its electronegativity according to Lewis concept, and Fe (1.88)
has higher electronegativity value than Ti (1.54), thus the shift of the PZC value suggested
that the surface of raw ilmenite is enriched with Fe ions. Previous studies suggested that
the PZC of the raw ilmenite ranged from pH 4 to 6.5. Hence, the PZC value of the raw

ilmenite in this study is consistent with the literature (Mehdilo et al., 2013).
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Figure 4.4: Zeta potential of raw ilmenite, PZC of raw ilmenite is at pH 4.5.

The surface area and the pore structure of the raw ilmenite were determined by N>
physical adsorption-desorption studies. Figure 4.5a shows the BET isotherm and the
relative Barret-Joyner-Halender (BJH) pore size distributions obtained from the
desorption branch of the isotherms of the raw ilmenite. It was observed that the raw
ilmenite had mesoporous surface as the isotherms are of Type IV. Based on the adsorption
data in relative pressure (P/Po) range (0.44 — 0.98), the BET specific surface area for raw
ilmenite was found to be 16.2 m*/g. From the BJH pore size distributions (Fig 4.5b), it
was observed that the sample showed a narrow pore size distribution with pore width

between 1.0 — 1.5 nm.
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Figure 4.5: (a) N2 adsorption-desorption BET isotherm for raw ilmenite (b) the
BJH pore size distribution (from the desorption branch of the isotherms).

The micro morphology of raw ilmenite is illustrated in Figure 4.6 using FESEM. The
figures revealed raw ilmenite had irregular shape overall. Besides that, some small size
raw ilmenite formed agglomeration together and the agglomeration was scattered on the
surface of bigger size raw ilmenite. This small raw ilmenite is beneficial for the catalytic
activity of raw ilmenite as the RB 5 reaction takes place on the surface of the catalyst,
prompting more RB 5 dye can be adsorbed on the surface of raw ilmenite prior photo-
degradation reaction. Moreover, small size raw ilmenite has larger active surface area and
a large number of active reaction sites for chemical reaction to occur which also enhances

and allow more generation of photo-induced electron.
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Figure 4.6: FESEM images of the raw ilmenite: a) raw ilmenite powder; b,c) a
close up on the surface of raw ilmenite powder.

Based on the literature, it could be noticed that band gap energy of raw ilmenite is 2.5
eV which is lower than pure rutile TiO2 (3.0 eV). The narrowed band gap of raw ilmenite
is due to the occurrence of Fe that provides new dopant levels, thus lowering the charge
transfer transition between valence band and conduction band. There are no studies
regards the band level for Fe ion located in raw ilmenite because it formed naturally, but
manmade Fe doped TiO> studies could provide some insights on the optical properties of
raw ilmenite as shown in Figure 4.7. As Fe ions has p-type semi-conducting behaviour
when it doped with TiO2 with 1.72 — 2.7 eV band gap (Abazovi¢ et al., 2009a; Navio et
al., 1992; Soo et al., 2016; Zaleska, 2008), therefore this study could proposed that the Fe

ions may locate at conduction band region in raw ilmenite.
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Figure 4.7: Proposed schematic energy level of manmade iron doping TiOz.
(Daghrir et al., 2013)

Alternatively, Photoluminescence (PL) was carried out to examine the recombination
rate of photo-induced charge carriers in raw ilmenite. The peaks/shoulders (Fig. 4.8)
suggested that the defects are formed in/on the crystal lattice of raw ilmenite (Abazovi¢
et al., 2009b). The formation of defects occurred in raw ilmenite may due to bulk defects
and oxygen vacancies in the lattice structure. Previous studies also suggested that the high
energy peaks in photoluminescence diagram can be attributed to band edge luminescence
of the catalyst particle while on the contrary oxygen vacancies in the lattice structure of
the catalyst can cause lower energy peaks/shoulders (Abazovi¢ et al., 2006; Abazovi¢ et
al., 2008). Since raw ilmenite formed naturally, it has naturally-occurring defects in the
lattice structure, which may affect the photo-catalytic activity of raw ilmenite through the
recombination of photo-generated charge carriers through oxygen vacancy-cascade

processes.

Previous studies have been conducted by using raw ilmenite for pollutants photo-
degradation and it seems like raw ilmenite has a large gap to be a better photo-catalyst
(Moctezuma et al., 2011). However, several considerations should be taken into account
for the removal of pollutants in wastewater through photo-degradation especially the
chemical properties of wastewater. In the following section, some parameters were

proposed to study the photo-catalytic activity of raw ilmenite.
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Figure 4.8: Photoluminescence data of raw Ilmenite.

4.2.2 Photo-degradation process of RBS using raw ilmenite
4.2.2.1 Effect of pH

The pH of wastewater is known to play an important role in the photo-degradation
(Chen et al., 1999; Yu et al., 2006). Therefore, pH of RB 5 dye solution was adjusted
accordingly. The absence of raw ilmenite at different pH values is shown in Figure 4.9a.
The highest photo-catalytic activity is under acidic condition at pH 2 (25%). The removal
of RB 5 dye was negligible when the experiments were conducted at pH 4, 6 and 9,
respectively. In the presence of raw ilmenite, the dye degradation (Ci/Co) of RB 5 showed
higher degradation rate at pH 2 (C/Co = 0.4415, 55%) but decreased gradually until total
inhibition as the pH increased to 9. The kinetic constant rate of raw ilmenite dropped from

0.04047 min™' at pH 2 to 0 at pH 9.

The pH of RB 5 solution plays a significant role in photo-catalytic degradation because
pH affects the ionization state of the photo-catalyst surface as well as RB 5. The changes
of pH can influence the adsorption of RB 5 onto the surface of ilmenite; hence increase
the photo-degradation rate. As the PZC of raw ilmenite is 4.5 (Fig. 4.4), thus the surface

of raw ilmenite is positively charged at pH < 4.5 and negatively charged at pH > 4.5. RB
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5 is an anionic dye as the sodium ions react with water molecules and leave the dye
molecule with negative charge at pH < 4.5. Therefore, at low pH (pH < 4.5) the
electrostatic attraction between RB 5 dye molecules and surface of raw Ilmenite will
favour the adsorption and subsequently leads to higher degradation. In addition, the RB
5 molecules with 0.9 nm can penetrate into the pore and be absorbed on the inner surface
of raw ilmenite (Tze et al., 2015), thus more RB 5 molecules can be absorbed by raw
ilmenite prior photo-catalytic activity. It is necessary to highlight that at lower pH, more
amounts of Fe may leach out from raw ilmenite (Table 4.1), and the free Fe ions may
increase the production of radical hydroxyl group through homogenous Fenton or Fenton-
like reaction (Pataquiva-Mateus et al., 2016). Notably, as the *OH radicals can be formed
into H202, the H2O> can be subsequently broken down by ferrous and ferric ions in the
solution (Eq 4.1-4.3) (Kang et al., 2002a; Machulek et al., 2006). Thus, it corresponded
to a drastic increase in dye degradation (C¢/Co) from pH 3 to pH 2. Al, Mg and Si ions

were detected as well, probably due to the impurities in ilmenite whereas Na was from

RB 5 dye.
*OH + *OH — H0» 4.1)
Fe?" + HO,— Fe** + HOs +HO (4.2)
Fe*" + H,02— Fe?* + HOpe +HY (4.3)

Table 4.1: Elementary analysis of RB 5 solution at pH 2 with catalyst loading
1.0 g/L under solar irradiation for 20 min.

Element Concentration [mg/L] Standard deviation RSD [%]
Fe 0.088 0.004 3.92

Al 0.009 0.002 24.27
Na 0.773 0.009 1.15

Mg 0.034 0.002 8.70

Si 0.294 0.010 3.44
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Figure 4.9: Effect of dye degradation at various pH value (a) absence of raw
ilmenite (b) presence of raw ilmenite. (Dye concentration S ppm, catalyst loading
1g/L, 25°C)

4.2.2.2 Inorganic ions as hydroxyl radical scavengers

Based on afore mentioned discussion, pH 2 exhibited the best photo-degradation
performance with maximum dye degradation of 55%. Therefore, in the following studies,
different type of acids were introduced into RB 5 solution in such condition mentioned

above to study the effect of inorganic ions presence. Several literature works have been
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shown that the presence of optimum content of inorganic ions could affect the efficiency
of photo-catalytic degradation of organic pollutants significantly due to the competition
between pollutants and inorganic ions for *OH radicals (Akpan & Hameed, 2009; De Laat
et al., 2004; C. Hu et al., 2003; Selvam et al., 2007). At pH 2, the kinetic rate of dye
degradation was 0.04047, 0.01958, 0.00552 and 0.00299 min™! in the presence of HNOs3,
HCI, H2SO4 and H3POu, respectively (Fig. 4.10). The presence of PO4>" demonstrated
highest inhibition meanwhile NO3™ has the lowest effect. Thus, the order of inhibition of

these anions are PO4* > SO4> > Cl'> NO;".

On the whole, the presence of NO3™ produced less effect because NO3™ will not react
with *OH and thus the photo-degradation rate of RB 5 dye was not inhibited (De Laat et
al., 2004; Lu et al., 1997; Ratanatamskul et al., 2010). On the other hand, CI", SO4* and
PO4* anion are known to be *OH scavengers, which adsorbed on the surface of the
catalyst then react with *OH generated and formed Cle, SO4™ and PO4+?> (Eq 4.4 - 4.6),
which are less effective in pollutant oxidation (De Laat et al., 2004; C. Hu et al., 2003).
Below are the proposed reactions between *OH, CI-, SO4> and PO4* (Akpan and Hameed,

2009; C. Hu et al., 2003; Riga et al., 2007; Selvam et al., 2007):

OHe + CI" — Cls + OH (4.4)
OHs + SO4* — SO4¢” + OH 4.5)
OHe + PO4* —POs+> + OH (4.6)

75



Figure 4.10: Kinetic rate of dye degradation of raw ilmenite in the presence of
different inorganic ion at pH 2 (dye concentration Sppm, catalyst loading 1g/L,
25°C)

4.2.2.3 Catalyst loading in RB 5 solution

According to afore mentioned discussion, raw ilmenite has the best photo-degradation
performance under acidic condition in the presence of NOs". In the following studies, the
catalyst loading of raw ilmenite in RB 5 solution was studied in such condition mentioned
previously. The amount of raw ilmenite was varied from 0.5 to 2.0 g/L. Figure 4.11
clearly shows that the catalyst loading affects the photo-degradation of RB 5. The result
(Fig 4.11) showed that the overall dye degradation rate was directly proportional to the
increment of catalyst loading. A significant increment in degradation efficiency was
shown when the catalyst loading increased from 0.5 g/L (C¢/Co = 0.4858) to 2.0 g/L (C¢/Co
= 0.27). The degradation of RB 5 using raw ilmenite obeyed pseudo-first order kinetic
rate at all catalyst loadings and the kinetic rate constant of raw ilmenite increased from
0.03621 (0.5 g/L) to 0.07088 min™! (2.0 g/L).The increment of catalyst loading provides
more active site of raw ilmenite for RB 5 to be adsorbed on the surface prior photo-

degradation reaction, hence increase the kinetic rate of photo-catalytic activity of raw
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ilmenite. The complete degradation of dye was observed after 120 minutes irradiation of

artificial light with 2.0 g/L catalyst loading as shown in Appendix A.

Figure 4.11: Effect of dye degradation at various catalyst loading at pH 2. (Dye
concentration 5 ppm, temperature 25°C)

4.3 Physicochemical properties of pre-treated ilmenite at different HCI
concentration

The photo-catalytic activity of pre-treated ilmenite at different HCI concentrations,

exposure time, exposure temperature and calcination temperature had also been carried

out (Appendix B). It is interesting to observe that the most significant parameters were

HCI concentration and thus the physicochemical properties and photo-catalytic activity

of pre-treated ilmenite at different HCI concentrations have been well studied.

4.3.1 EDX analysis

Table 4.2 shows the EDX of the pre-treated ilmenite which underwent treatment at
different HCI concentrations at 110 °C. The increment of HCI concentration imposed a
significant effect on Fe removal as nearly 0.77% of Fe content remained or 99.2% of Fe
has been removed in the ilmenite sample pre-treated with 35% HCI as compared to 7.15%

Fe content in the sample pre-treated with 15% HCI concentration (92.9% removal). It was
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clearly indicated that low HCI concentration was not capable to fully dissolve Fe and Ti

into solution, thus more Fe atom still exist in the lattice structure in H-15 and H-20.

The greatest influencing factor towards dye removal efficiency was the acid
concentration. This is because of the relationship between the concentration of chloride,
Fe and Ti ions. In general, Fe doping in TiO> had narrowed the band gap of TiO but at
high concentrations, Fe ions may become recombination centres through quantum
tunnelling, which results in rapid recombination of charge carriers and reduction in the
photo-catalytic activity of iron doped TiO2 (Abazovi¢ et al., 2009a; Zhou et al., 2005).
Hence, the acid concentration was the main factor to reduce Fe concentration in raw
ilmenite in order to produce high photo-catalytic activity of pre-treated ilmenite.

Table 4.2: EDX of pre-treated ilmenite under different HCI concentration.
(Temperature: 110 °C, reaction time: 24 h)

Sample Fe | atomic%] Ti [atomic%o] O [atomic%]
Raw ilmenite 18.54 23.57 57.89
H-15 (15 v/v% HCI) 7.15 21.63 71.22
H-20 (20 v/v% HCI) 5.73 33.54 60.73
H-25 (25 v/v% HCI) 1.62 47.37 51.00
H-30 (30 v/v% HCI) 1.18 38.88 59.94
H-35 (35 v/v% HCI) 0.77 24.12 75.12

4.3.2 Raman analysis

Figure 4.12 presents the Raman plot of pre-treated ilmenite under treatment of various
HCI concentrations. Several works revealed the relationship about the Raman-active
“lattice vibrations” with the bond length and covalence correlations (Balachandran &
Eror, 1982; Hardcastle & Wachs, 1990, 1991). The distinct rutile TiO> peak can be
observed at H-25, H-30 and H-35 samples. This is because more Ti atom dissolved into
solution as TiOCl> as an intermediate product and the TiOCl, then precipitated and

polymerised to form TiO,. These distinct peaks corresponded to the pure rutile phase at
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four active modes, which were 143(B1y), 236, 447(Eg), and 613(A1,) cm™ (Balachandran
& Eror, 1982; Bersani et al., 1998; Mazza et al., 2007; Ocaiia et al., 1992). The Ti-O
bonds were observed at 447 and 610 cm™', O-O interactions occurred at region from 250-
394 cm! and Ti-Ti bonds gave a sharp peak at 143 cm™! (Cromer & Herrington, 1955;
Hardcastle, 2011). A dominant peak at 130 — 140 cm™' range was observed at H-15 and
H-20 samples. It is worthy to note that the significant Raman peak of raw ilmenite was
not seen in the plot, which suggested that most of Fe-Ti bonds had been broken, leaving
Ti in the lattice structure, thus the Ti-Ti bond peak intensity was high. The Raman peaks
of pre-treated ilmenite were blue-shifted from 430 to 447 cm™! with peak sharpening along
with the increment of HCI concentration. Peak sharpening may indicate that the rutile
TiO2 produced using high acid concentration has better crystallinity whereas the blue-

shift suggested the presence of defects such as oxygen vacancies (Samsudin et al., 2015).

Figure 4.12: Raman plot of pre-treated ilmenite with different HCI concentration
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4.3.3 XRD analysis

Figure 4.13 shows the XRD profile of the quality and crystalline phase of pre-treated
ilmenite. In the XRD patterns, the rutile TiO> phase was clearly shown from the presence
of the (110), (101), (111), (211) and (220) peak and they corresponded to these JCPDS
references (JCPDS: 01-083-2242, 01-084-1284, 01-078-1510, 01-076-0649 and 01-089-
0553). The XRD pattern of raw ilmenite in Figure 4.1 was not observed in Figure 4.19,
which suggested the destruction of raw ilmenite lattice structure by acid leaching. It is
worthy to point out that low concentration of acid promoted the growth of rutile TiO: in
pre-treated ilmenite since the rutile TiO2 peak was observed in XRD of H-15 sample. The
increase of acid concentration promoted more dissolution of raw ilmenite thus more rutile
TiO, formed in pre-treated ilmenite with low Fe content which reflected in EDX result
(Table 4.2). However, all pre-treated ilmenite sample did not show any Fe related peaks.
This is because the Fe ions may have been located in interstitial positions of the TiO2
nano-crystal structure or the concentration is too low to be detected (El-Hazek et al.,
2007). Based on the Scherrer equation, the crystalline size of rutile in pre-treated ilmenite
was in the range of 52 — 69 nm (Table 4.4). The difference of the crystalline size of rutile
between raw and pre-treated ilmenite due to the hydrolysis and polymerisation of TiO>
during chloride leaching process and the absence of the foreign element in the structure,
thus increase the crystalline size of rutile in pre-treated ilmenite (Soo et al., 2016; Yang

etal., 2009).
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Figure 4.13: XRD pattern of pre-treated ilmenite prepared by chloride leaching
process: (a) H-15, (b) H-20, (c) H-25, (d) H-30, (d) H-35.

4.3.4 XPS analysis

Figure 4.14 shows the broad XPS spectrum of the H-25 sample, which was selected to
be investigated because of its excellent photo-catalytic activity which will be discussed
in section 4.4. From the Figure 4.14, the Fe 2p peak was not observed, and therefore
suggesting that the concentration of Fe was quite low in the H-25 sample. A similar
observation was also reflected by Tao et al. (2013) in the production of rutile TiO, with
low Fe impurities. In addition, the absence of Al 2p peak indicated the dissolution of
impurities during chloride leaching process. Table 4.3 summarises the binding energies
of Ti 2p and O 1s signals. The signals from both elements are similar to the reference
XPS spectra of rutile TiO> (Diebold & Madey, 1996). Thus, these results confirmed that

the production of high purity rutile TiO> in pre-treated ilmenite.

Table 4.3: The binding energy of Ti and O from H-25 pre-treated ilmenite

sample
Element Ti 2p3p O 1s
Binding Energy (eV) 459.1 530.1
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Figure 4.14: XPS survey spectrum of H-25 pre-treated Ilmenite sample

4.3.5 Nitrogen absorption-desorption analysis

The surface area of raw ilmenite was recorded as 16.2 m?/g and the chloride leaching
process had changed the surface area of the ilmenite material. The changes of the surface
area are mentioned in Table 4.4. The measured surface area of H-15 pre-treated ilmenite
was 18.1 m%/g and gradually increased to 37.3 m*/g (H-25) along with acid concentration.
However, a further increase in acid concentration beyond 25% resulted in a negative
impact toward the surface area. The surface area of H-35 sample has reduced to 25.5 m?/g.
The changes of the surface area could be probably due to the effect of the concentration
of CI" and Ti*" in the solution. At the beginning, the rise of surface area at lower acid
concentrations was due to the dissolution of Fe from raw ilmenite, thus leaving a porous
layer on the structure ilmenite. Ti ions were dissolved into the solution at the same time
and its concentration in the solution increased proportionally with HCI concentration,
then the Ti ions will be hydrolysed and precipitated into TiO,. However, high HCI
concentration (30 — 35% in this study) will also increase Cl” concentration in the solution.

In the environment of high Cl-concentration will cause the Ti* remained in the formed of
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complex titanyl chloride compounds in the solution, thus hinder the hydrolysis of TiO>
(Cservenyak et al., 1996). Therefore this caused lesser recovery of Ti from the solution
and leading to lower amount of TiO; formed in H-35 samples. Low Ti recovery rate in
high acid concentration was reported in other literature (Mahmoud et al., 2004). The
reduction of surface area in these pre-treated ilmenite samples affected their photo-
catalytic activity by reducing a number of active surface sites for RB 5 molecules to be
absorbed on the surface of photo-catalyst, thus reduced the kinetic rate of photo-
degradation. This is well agreed with the other researchers found in which the reduction
of surface area gives a significant effect on the photo-catalytic activity (Wantala et al.,
2010). All sample remained as mesoporous with type IV nitrogen absorption-desorption
linear isotherm (Fig. 4.15). Distinct changes observed in the linear isotherm curve implied
morphological and structural changes. Based on Figure 4.15, all these curves conform to
the IUPAC type H3 loops, indicated that the internal porosity is slit-shaped and panel-
shaped. The pore size distribution in each pre-treated ilmenite sample has been
summarised in Table 4.4 and Appendix C. The sample of H-15, H-20, H-25, and H-30
featured pore size of 3 — 4 nm which was bigger than raw ilmenite. This might be
attributed to the loss of Fe in the lattice structure which contributed to the porous
structure. But H-25 and H-30 featured another bigger pore size could probably indicate
significant amount of TiO; was precipitated from the solution and agglomerated, thus H-
25 and H-30 has bimodal pores. In addition, the pore size has significantly enlarged up to
20-40 nm and also lost of the surface area upon treatment with 35 v/v% HCI. As explained
earlier, this was due to the reorganisation of rutile TiO> via hydrolysis instead of solely

on the dissolution of Fe ions.
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Table 4.4: pore size distribution of pre-treated ilmenite sample.

Sample Surface area | Pore size distribution | Crystallite size (nm)*
(m*/g) (nm)
Raw ilmenite 16.2 1-2 2.96
H-15 18.1 3-4 69.3
H-20 22.1 3-4 35.6
H-25 37.3 3-4,12-23 52.0
H-30 30.1 3—4,15-33 69.2
H-35 25.5 20 —40 69.3

“Based on Sherrer equation from XRD peak at (110)

Figure 4.15: Nitrogen adsorption/desorption linear isotherm for all pre-treated
ilmenite sample.

4.3.6 FESEM

The morphology of pre-treated ilmenite samples is observed under field emission
scanning electron microscope (FESEM) are shown in Figure 4.16 (a-c). The morphology
of pre-treated ilmenite sample has significant differences in terms of shape and size
uniformity. Large quantities of small size of pre-treated ilmenite is observed in sample
H-25 and H-35 (Fig. 4.16 b&c) whereas similar observation did not reflect in sample H-

15, indicates an increase of acid concentration promoted hydrolysis of TiO». Thus, H-25
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sample showed plenty of irregular tiny cluster of pre-treated ilmenite. On the other hand,
a well distributed and uniform particle size of 20-40 nm is observed for H-35 with a
mixture of small irregular and flat disc shape. Hence, the changes in the morphology in
H-35 samples explained low surface area compared with H-25 sample reported in BET

result.

Figure 4.16: Surface morphology at magnification of 50,000% for (a) H-15, (b)
H-25 and (c) H-35
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4.3.7 DR UV-Vis analysis

All pre-treated ilmenite samples possessed rutile crystal phase with iron as a foreign
element, readily promoting solar light absorption of UV and visible region. The rutile
crystal phase can be activated under UV and visible light because of its smaller band gap
compared with anatase crystal phase. It is widely reported that Fe-doped rutile TiO>
possessed smaller band gap, increased light absorption ability and enhanced radical
formation. In addition, the small amount of Fe inhibited carrier charge recombination
which leads to good photo-catalytic response (Crisan et al., 2015; Wan et al., 2011;
Zarazua-Morin et al., 2016). Theoretically, raw ilmenite has the band gap energy of 2.5
eV, thus it has the ability to absorb light in both UV and visible region. The present study
showed that an increase of band gap energy of pre-treated ilmenite was observed along
with increasing the use of acid concentration (Fig. 4.17). The increment of band gap
energy may indicate the reduction of Fe concentration and also the formation of rutile
TiOz in pre-treated ilmenite. This is in well agreement with previous studies that reported
lower band gap energies in TiO2 with high Fe concentration (Abazovi¢ et al., 2009a). The
authors attributed the lower band gap energy as a result of high Fe concentration as Fe
ions can be either recombination centre or as charge transfer centre. H-25 has band gap
energy of 2.84 eV which is lower as compared to that of pure rutile TiO2 (3.0 eV) due to
the contribution of Fe which can act as dopant. The interstitial impurities such Fe may
attribute to the rise to locals states below the conduction edge (Tao et al., 2013). Similar
results have been reported with similar band gap energy from Fe-doped TiO: (Abazovié

et al., 2009a; Raghavender et al., 2013; Tao et al., 2013).
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Figure 4.17: Changes in band gap energy of pre-treated ilmenite sample by
leaching raw ilmenite with different concentration of HCI

4.3.8 Photoluminescence analysis

The photoluminescence (PL) spectrum in Figure 4.18 illustrates the efficiency of
charge carrier trapping, migration, transfer and the fate of photo-generated electrons and
holes. The H-25, H-30 and H-35 PL spectra show a broad peak near 430 nm which
corresponds to the band-band transition photoluminescence of rutile TiO: (Yan et al.,
2013). Alternatively, the similar peak was not observed in H-15 and H-20 PL spectra
which may probably be due to high Fe concentration in the lattice and low rutile TiO>
formed in the sample. Alternatively, multiple photoluminescence signals in the visible
region can be observed in all samples. A visible region peak near 540 nm was observed
in H-15, H-20 and H-25 samples whereas the peak for H-30 and H-35 were located near
525 nm. The detection of photoluminescence signal in the visible region is associated
with the shallow traps on surface oxygen vacancies or defects (Yan et al., 2013). It is
known that the introduction of element doping in pristine TiO2 creates defect sites and a
suitable amount of defects sites can improve the photo-catalytic activity of catalyst since
the defects site has trapping effects to separate the photo-generated electrons and holes.
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However, excess defects will become the new recombination centres for photo-generated
electrons-hole pairs (Yan et al, 2015). Theoretically, the sample with lowest
photoluminescence intensity is expected to demonstrate the best photo-catalytic activity
because of slow recombination rate. The slow recombination from the electron will give
more time for radical generation in the electron holes and electrons at the valence and
conduction band which has been illustrated in Fig. 4.7. In this study, H-15 has the slowest

recombination rate meanwhile H-35 has the fastest recombination rate.

Figure 4.18: Photoluminescence spectrum of H-15, H-20, H-25, H-30 and H-35
pre-treated Ilmenite samples.

4.3.9 Zeta potential analysis

The zeta potential is used to measure the surface charge of a substance in a liquid
through changing pH. The pH dependence of the zeta potential of pre-treated ilmenite
sample in aqueous suspensions is illustrated in Figure 4.19. The iso-electric point (IEP)
can be used to determine the colloidal stability of particle in different suspensions. The
IEP of H-15, H-20, H-25, H-30 and H-35 samples were in the range of 3.1 to 3.3. The

IEP of raw ilmenite was pH 4.5 and the shift in the IEP of pre-treated ilmenite samples
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towards the acidic region (pH 3.1 — 3.3 for all pre-treated ilmenite sample) confirms the
changes in the surface chemistry of raw ilmenite treated in acidic condition. The shift of
IEP towards lower pH value due to the increment of surface area for pre-treated ilmenite
thus increase H" adsorption hence reduce the IEP value of pre-treated ilmenite (Bae et al.,
2003). The pre-treated ilmenite has better photo-degradation of RB 5 dye solution in
acidic condition due to enhanced dye adsorption on the pre-treated ilmenite surface before
photo-degradation. The high adsorption of RB 5 on pre-treated ilmenite is linked with
strong attractive forces between the positively-charged pre-treated ilmenite surface at pH
3 and negatively-charged dye molecules, thus facilitating the adsorption process

(Zielinska et al., 2001).

Figure 4.19: Zeta potential of the pre-treated ilmenite in various acid
concentration.
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4.4 Photo-catalytic activity of pre-treated ilmenite at different HCI
concentration

Figure 4.20 illustrates the photo-catalytic activity of pre-treated ilmenite under
different HCI concentration. The increment of HCI concentration has a positive effect on
the photo-catalytic activity to pre-treated ilmenite when the percent removal (1-C¢/C, x
100%) of RB 5 has improved tremendously. For example, H-25 and H-30 managed to
achieve up to 100% photo degradation as compared to that of raw ilmenite. The sequences
of photo-catalytic activity is as follows H-25 > H-30 > H-20 > H-15 > H-35 > raw
ilmenite. High concentration of impurities in TiO2 normally will deteriorate the photo-
catalytic activity of TiO; (Crisan et al., 2015; Wan et al., 2011; Zaraztia-Morin et al.,
2016). The highest photo-catalytic rate (0.168 min™') for H-25 is due to the factor of high
adsorption between ilmenite and RB 5 which can be clearly seen during the dark
absorption. The high photo-catalytic activity of H-25 was due to various synergistic
effects such as band gap, surface area, and recombination rate. The high surface area of
H-25 (37.31 m?/g) with the relatively low band (2.84 eV) and relatively slow
recombination rate (slower than H-35) has contributed to high photo-catalytic activity.
The high surface area will provide more photo-catalytic active sites and adsorption sites.
The low band gap also demonstrated that H-25 was activated under visible light and
radicals were easily generated due to slow recombination rate. Although H-15
demonstrated slow recombination rate, the relatively high Fe ions concentration (Table
4.4) will give negative impact. This is because the excessive free Fe in H-15 might
become recombination centres for photo-generated electrons and holes (Abazovi¢ et al.,
2009a; Yan et al., 2015). In contrast, H-25 samples has higher surface area compared and
relatively slow recombination rate which leads to higher absorption of dye on the catalyst
surface area and photo-degradation. Therefore, ilmenite pre-treated with 25 v/v% of HCI

demonstrated an appropriate amount of Fe dopant to give a best photo-catalytic activity.
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Figure 4.20: Dye degradation (C¢/Co) of pre-treated ilmenite treated under
different HCI concentration at pH 3. (Dye concentration S ppm, catalyst loading
1.0 g/L, 25°C)
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CHAPTER 5: CONCLUSION

5.1 Conclusion

This study have successfully understood the physicochemical properties and photo-
catalytic activity of raw and pre-treated ilmenite. The photo-catalytic activity of the
sequence follows H-25 > H-30 > H-20 > H-15 > H-35 > raw ilmenite. It was demonstrated
that RB 5 has been fully degraded with H-25 within 30 minutes at pH 3 under artificial
solar light irradiation (150 W Xenon Arc Lamp). However raw ilmenite needs to take 120
min at pH 2 to fully degrade RB 5 under artificial solar light irradiation. Therefore, the
pre-treated ilmenite is highly potential to be used a photo-catalyst for textile wastewater

treatment.

The conclusions attained in the research are as follows:

First, based on XRD and Raman results, the raw ilmenite composed of iron oxide
species and rutile TiO2. The PZC of raw ilmenite is at pH 4.5, therefore it has better photo-
catalytic activity in acidic condition (pH 2). Raw ilmenite has an irregular shape with a
rough surface and this was reflected in the nitrogen absorption desorption test with the
record of 16.2m?/g. High Fe ion concentrations reduced the band gap energy of raw

ilmenite (2.5 eV) compared with pure rutile TiO> (3.0 eV).

Second, raw ilmenite achieved the best photo-catalytic activity of photo-degradation
of RB 5 dye solution under pH 2 whereas total photo-catalytic activity inhibition of raw
ilmenite occurred at pH 9. Homogenous Fenton process may have attributed to the good
photo-degradation performance under acidic conditions as some Fe ions may have
dissolved into solution. Alternatively, the presence of NO3 had no negative effect on the
photo-catalytic activity but PO4> severely reduced the photo-catalytic activity due to its

hydroxyl radical scavenger properties. Complete photo-degradation of RB 5 was
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achieved by 2.0 g/L of catalyst loading of raw ilmenite after 2 h under artificial solar light

irradiation.

The pre-treated ilmenite was synthesised by acid leaching through chloride leaching
process. The acid concentration yielded the greatest influencing factor towards photo-
catalytic activity, compared to other parameters. The best acid concentration for chloride
leaching process is 25 v/v% HCI. The conclusions attained in the second stage of the

research are as follows:

Firstly, the pre-treated ilmenite with different concentrations of HCI demonstrated
better photo-catalytic dye degradation performance due to the increase of surface area
which increased the interaction between adsorbate and adsorbent, hence increasing the
amount of adsorbed dye compared to raw ilmenite. It is demonstrated the H-25 possessed

the highest surface area as compared to that of other concentration of acid treatment.

Secondly, pre-treated ilmenite showed complete dye removal within 30 min at pH 3
under artificial solar light irradiation, whereas raw ilmenite achieved roughly 40% of dye
removal at the same time frame and pH. This is because the appropriate low amount of
Fe ion concentration in pre-treated ilmenite has the trapping effects to separate the photo-

generated electrons and holes.

5.2 Suggestions and Recommendations
Pre-treated ilmenite has a great potential to be an ideal photo-catalyst synthesised
through simple chloride leaching process, therefore further studies and development are

required to enhance this process. A few suggestions for future studies are proposed:
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First of all, the effect of other parameters such as use of reducing agent can be studied
in order to optimise the properties of pre-treated ilmenite since the reducing agent can

shorten the synthesis time of pre-treated ilmenite using chloride.

Secondly, since RB 5 dye as a model compound for dye removal was used in this work,
other dye model compound can be used. RB 5 dye is an anionic dye with a negatively-
charged surface in water, therefore other types of dye could be used in future studies such

as basic dye (Methylene Blue) and acidic dyes (C.I. Acid Red 73).

The significant in this study is that this study has provided full details studies about
raw and pre-treated ilmenite in their phase formation, morphology, chemical state,
elemental composition, surface stability and its optical properties which haven’t been
studied before. Moreover, this study has provide some information about comparing the
most influence factors for pre-treated ilmenite as photo-catalyst synthesis during chloride
leaching process. In addition, studies on parameters in photo-catalytic activity of raw

ilmenite could filled the gap in the potential application study of this mineral in future.
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