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DISSERTATION OUTLINE:

This dissertation is divided into 4 chapters. The outline of the chapters is as follows.
Chapter 1: Background and Literature review

This chapter gives the background which is the general information related to the topic and the
literature review that explain more detailed information based on Nanotechnology,
Electrospinning of metal-based silica nanofibers, Wastewater treatment of dyes and
degradation methods of methylene blue. It also highlights the problem statement, aim and

objectives of this research
Chapter 2: Research methodology.

In this chapter, the materials and methodology procedure are described in detail. These include
the chemicals used, methods of synthesis of the iron-oxide silica nanofibers using three
different routes, electrospinning and their catalytic application of the Fenton degradation of

methylene blue. It also includes their characterization techniques.
Chapter 3: Results and discussion.

In this chapter, the results obtained from the characterization technique and application in

chapter 2 are fully interpreted in detail.
Chapter 4: Conclusions and recommendations

This chapter gives the overall conclusions and recommendations about the study.
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ABSTRACT

Several industries utilize species of synthetic dyes that are found in their wastewater, which is
passed out in the environment. Methylene blue is one of the organic dyes that causes water
pollution. It causes damage to the aquatic eco-system and health problems to human beings. It
is non-biodegradable due to its chemical nature. Advanced oxidation processes (AOP’s) have
been developed for the degradation of these dyes, however, some of these methods are limited
due to their high cost and low efficiency. Among these methods, Fenton catalysis has been
proven to be an effective method due to its low cost, high efficiency, and re-usability. Iron
oxide nanoparticles have been mainly used in Fenton process however they are also limitated
due to the forming of secondary pollutants, due to catalysts recovery difficulties, hence they

require supporting materials.

In this work, iron oxide-based catalyst supported on silica nanofibers were fabricated via
electrospinning of silica sol incorporated with iron oxide, using three different routes, (a)
Method 1 - wetness incipient impregnation, (b) Method 2 - direct addition of iron precursor to
the silica sol and (c) Method 3 - incorporation of iron oxide nanoparticles into silica sol. The
effect of iron oxide concentration loadings (1 wt%, 2 wt% and 5 wt %) was studied. Increase
in iron content resulted in agglomeration of nanoparticles as embedded in the fibers as evident
from their SEM images in method 3.1. The SEM results showed diameters from method 1, 2
and 3 ranging from the distribution ranges of 276 — 288 nm, 243 — 265 nm and 188 nm,
respectively. EDS showed the presences of Si, P, Fe, O and P. XRD showed a crystalline phase
of magnetite (9 nm) and goethite (32 nm) method 1 and 3, with vibrational modes at 3300 cm"
11100 cm?, 950 cm™ and 580 cm ascribed to O-H, Si-O-Si, Si-O and Fe-O on the FTIR

spectra, it showed both the presence of silica and iron oxide.

The degradation of methylene blue was monitored by UV-Vis spectroscopy, the Fenton
catalytic activity of the iron-oxide supported on silica nanofibers showed higher catalytic
activity compared to the unsupported iron-oxide nanoparticles. The catalyst prepared by
wetness incipient impregnation (method 1) had a degradation efficiency of 69.1%, the direct
addition of iron precursor to the silica sol (method 2) had 75.2% and incorporation of iron oxide
nanoparticles magnetite and goethite with the silica sol had 53.7% and 34.7%, respectively.
The catalyst prepared by the direct addition of iron precursor in the sol (method 2) showed a
high catalytic activity compared to the other catalyst prepared by other methods. Unsupported

Iron oxide nanoparticles had a higher degree of leaching of 1.28 ppm magnetite, and 1.68 ppm

vii



goethite, compared to the supported iron oxide in method 1 and method 3. The catalyst
incorporated with goethite showed a high degree of leaching, 3.95 ppm and 1.33 ppm. The
catalyst with high catalytic activity showed a lower degree of leaching with 0.05 ppm.
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CHAPTER 1

1. BACKGROUND AND LITERATURE REVIEW

Nanostructured materials are described as materials with particle size ranging between 1-100
nm (Xu et al., 2012). These materials are extensively studied due to their unique chemical and
physical properties compared to their bulk materials. Iron oxide nanoparticles are amongst the
most widely studied metal oxides, it’s known to be one of the most stable metal oxides (Wang
et al., 2014), inexpensive (Campos et al., 2015) and they are found in abundance (Coelho et
al., 2014). Iron oxide nanoparticles are mostly used in various fields of chemistry (Ali et al.,
2016), physics (Lodhia et al., 2009) and biotechnology (Ge et al ., 2009) and they have a a
wide range of application in water treatment (Wang et al., 2018), separations (Thomas et al.,
2020), sensors (Lui et al., 2009), nonreactors (Santra et al., 2000) and in optical devices, due
to their remarkable properties (Wang et al., 2000) such as their optical (Hernandez et al., 2020),
electrical and magnetic properties (Panta and Bergmann, 2015), hence over the years they have
attracted attention in adsorption, coagulation, filtration and optical devices (Carraro et al.,
2014). They also have been demonstrated to have high catalytic activity in the remediation of
organic dyes (Rasheed and Meera., 2016). However, the catalytic activity is affected by their
ability to form large sludge in homogeneous catalytic applications (Shin et al 2008). Thus, their
applications on large scales is limited (YYang et al., 2019). Several studies have shown that these
drawbacks can be minimized by the introduction of supporting materials such as clay (Cacciotti
et al., 2019), silica (Kosa et al., 2016), alumina (Mosallanejad et al.,2018, Arsalanfar et al.,
2014), zeolites (Papa et al., 2018) and carbon (Popov et al., 2017). Although in recent years

there are studies of silica nanofibers as supporting material for catalyst (Mishra et al., 2012).

Nanofibers have unique mechanical and thermal properties, hence they became important in a
wide range of applications (Lubasova and Netravali, 2020). Therefore, the synthesis of silica-
based fibers ranging from nanometer to micrometer fibres has been reported by various
research groups. Several methods have been reported for the synthesis of nanofibers (Huang et
al., 2003) . Nanofibers can be fabricated by the conventional methods which are known as non-

electrospinning techniques and electrospinning technique.



1.1. Non- electrospinning methods

The non-electrospinning methods such as self-assembly, centrifugal jet, solution bow spinning,
phase separation and freeze-drying are applied in various fields, however they are found to
have some disadvantages (Gugulothi et al., 2019). The phase separation method occurs due to
physical incompatibility in a solution. The solvent is extracted from the solution and the
remaining phase still have to undergo four basic stages that include polymer dissolution,
gelation, extraction and freezing (Misra et al., 2007), while the self-assembly is a bottom-up
nanomaterial synthesis method. In this method, molecules arrange themselves into a pattern of
structure though hydrogen forces and electrostatic reaction. The small molecules come together
based on intermolecular forces hence leading to long chains (Kajbafvala et al., 2013). These
methods have disadvantages of non-continuous fibers, limited to certain polymers, complex,
non-uniform, low productivity and take longer to fabricate fibers. However, electrospinning is

a simple advantageous method (Kumar et al., 2017).

1.2.Electrospinning and silica nanofibers.

Electrospinning methods are one of the unique and versatile methods that can produce
nanofibers in various shapes and sizes (Stepanyan et al., 2014), it can produce stable and
uniform nanofibers (Mochane et al., 2019). It consists of three basic components, the high
voltage power supply, syringe, and ground collector (Figure 1) (Long et al., 2019). The high
voltage supply induces the electrostatic force that charges the polymer solution in the syringe
fed through a capillary connection (Chen et al., 2017). The induced positively charged jet is
therefore ejected and deposited to the ground collector (Shi et al., 2015). The advantages of
electrospinning is its design set up that make it possible for the parameters optimization (Gee
etal., 2018).
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Figure 1: Typical example of electrospinning set-up.
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1.2.1. Optimization of parameters

During electrospinning, some parameters play an important role and they need to be taken into
consideration (Leach et al., 2011), These parameters can be divided into three groups:
processing conditions (distance between the capillarity and the ground collector, applied
voltage, needle diameter, volume feed rate,) ambient conditions including (the flow rate at
which the solution is released) and intrinsic properties of the solution (the viscosity of the
solution, polymer concentration, molecular weight of the polymer, electrical conductivity,
elasticity, and surface tension) (Fridrikh et al., 2003), Varying these parameters makes it
possible to get different sizes and shapes (Chen et al., 2009). Hence electrospinning can
enhance the properties of the nanofibers making them more suitable as supporting material.
Optimization could lead to the production of longer and continuous fibers with a desirable
diameter (Chen et al., 2019).

Geltmeyer et al.,(2013) conducted a study where they used the sol-gel method for the
optimisation of sol viscosities for the stability of electrospinning of silica nanofibers. They
showed that the sol-gel solutions, with a viscosity ranging between 120 and 200 mPa.s, are
electrospinable forming uniform bead-less nanofibers as compared to solutions of viscosity
lower or higher than 120 and 200 mPa.s forming unstable nanofibers with a larger diameter.
They also reported that electrospinning with a dilute sol was also possible, but electrospinning
of the fresh sols was more stable. They succeeded in illustrating the importance of viscosity



and the degree of crosslinking of the sols for the stable electrospinning of silica nanofibers.
Viscosity affects the formation of fibers, studies have confirmed that at very low viscosities
only fibers beads can be formed, while at higher viscosities the ejection of polymer solution

becomes poor, therefore it’s important to get the optimum viscosity (Veleirinho et al., 2007)

The increase in voltage can lead to an increase or a decrease in fibres diameter due to stretching
of polymeric droplets and evaporation of solvents from the solution, Choi et al.(2003) also
reported a study for the fabrication of nanofibers using the sol-gel and electrospinning methods.
The silica sol-gel was prepared at room temperature using tetraethyl orthosilicate (TEOS),
deionised water, ethanol, and hydrochloric acid (HCI) (TEOS: Ethanol: Water: HCI)
(1:2:2:0.01). During the electrospinning, the voltage was varied from 10 kV to 16 kV at 10 cm.
It was observed that the electrospun silica nanofibers obtained at 10 kV were thicker than those
obtained at 12 kV. A decrease in diameter was also observed as the applied voltage was further
increased ranging from 200 - 600 nm this suggested that an increase in voltage results in an

increase in fibre diameter.

Shah et al. (2012) prepared silica nanofibres using the sol-gel method by the addition of
tetraethyl orthosilicate (TEOS): phosphoric acid (HsPOs): water (H20) in the ratio of (1:
0.01:11). Polyvinyl alcohol was added as a polymer precursor. The mixture was then
electrospun and during the electrospinning, the applied voltage ranged from 15-20 kV at a
distance of 6 cm. After the nanofibers were obtained, the effect of calcination at different
temperature was studied. The obtained results showed a crystalline phase on the XRD pattern.
The increase in calcination temperatures influenced the morphology of the nanofibres.
Nanofibers obtained at high calcination temperatures had a rougher surface and smaller
diameter than those calcined at lower temperatures. Those calcined at lower temperatures were
more stable, with a diameter ranging from 200-300 nm. This route might open new doors for
producing pure nanofibers of inorganic materials with porous surfaces. Figure 2 shows the
surface of the nanofiber after calcination, the surface becomes rougher and porous increasing
the surface area.. All these parameters are significant including the type of materials use and

the polymers.
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Figure 2: Silica nanofibers before and after calcination.

1.3. Silica and Polymers composite

Electrospinning of silica-based materials can be challenging and results in poor mechanical
strength and stability however, electrospinning of silica materials can be electrospun in two
ways. The first method being the direct spinning of sol-gel solutions containing alkoxide
precursors and, secondly by the addition of carrying polymers such as PVA (Shao et al., 2001),
poly (ethylene) oxide (PEO) (Fouda et al., 2013) and polyacrylonitrile (PAN) (H, Wang et al.,
2018). Electrospinning inorganic matrices such as silica can be challenging, while silica
nanofibres prepared from a solution containing the carrying polymers are more easily adjusted
(Veleirinho et al., 2007), producing nanofibres that are controllable and uniform in size (Toskas
et al. 2013). There are unique properties exhibited by polymer/silica nanofibers and they have
gained more attention in different industries, mainly in wastewater treatment (Geltmeyer et al.,
2013, Shah et al., 2012)

1.4. Iron oxide supported on silica nanofibers

The use of nanofibers incorporated with nanoparticles of smaller diameters are interesting
materials in the heterogeneous catalysis because of their remarkable characteristics, including
high pore volume, tunable and uniform pore size and high surface area, however, the catalytic
uses of pure silica are limited (Coelho et al., 2014). Materials with such remarkable properties
attract various fields of applications mainly wastewater treatment. Therefore, silica nanofibers
incorporated with metal oxide nanoparticles or metal oxides are promising to have good
catalytic activities (Shi et al., 2015). To improve catalytic activity, impregnation of metal
oxides such as Al,Os, TiOs, Fe2Oz into silica nanofibers (Malara et al., 2019), as supporting
structures, have been applied. Amongst these transitional metals, iron is good when supported
on silica (see chapter 1 section 1). However, the chemistry between the support and the
supporting materials are of great interest to minimize the leaching and to get effective results



on the application of the materials. There are several methods in which iron oxide can be
introduced into the silica nanofibers such as ancient wetness impregnation, direct addition of
metal oxide precursor in the spinning solution and direct incorporation with nanoparticles and
impregnation of nanofibers nanoparticles, however, there is not much available literature that
compares these methods, and it is not known which method gives the highest catalytic activity

and how is their leaching degree.

Bowker et al. (2007) highlighted that it is evident the preparation methods of catalyst are a
curious factor in determining the efficiency of the materials. Incipient wetness impregnation
involves the support material with metal salts. During this process the metal salts aqueous
solution is introduced into the pores of the surface of the support with a little volume of liquid
used. This process requires a high temperature for conversion (Cheng et al., 2002). The direct
syntheses with metal salts method, during this method the support and the catalyst are prepared
simultaneously. The metal salts are directly added during the support preparation process.
Finally, in the incorporation of nanoparticle method, the nanoparticles are integrated into
support before it solidifies (Shinjinaetal et al., 2017).

1.5. Wastewater pollution

Wastewater has been highlighted as one of the major problems that have been faced globally,
due to the high rate of water pollution (Njeruh et al., 2010). Some of these pollutants are
generated from textile, paper and other industries. Among these pollutants, 10 to 25 per cent
are industrial colouring dyes released during the dye processes and 2 to 20 per cent are released
directly as aqueous waste in different fields of the environment (Suteu et al., 2015). These dyes
have a nitrogen-nitrogen double bond (N=N) and are found to be environmentally unfriendly
and toxic to living organisms (Wang et al., 2017). With respect to organic dyes, it can be
highlighted that colouring dyes have a high volume to change the environment due to their
strong colours and visual pollutants, which primarily affect the photosynthesis process and can
cause harm to the living organisms (Nogueira et al., 2014). They become a serious health
hazard to living organisms and species that live in water, due to their poisonousness and
persistence after being cast out to the environment or rivers (Njeruh, 2010).

1.6. Methylene blue

Methylene blue is among these organic dyes, it is one of the dyes that are non-biodegradable

due to its chemical nature, with chemical formula C16H1sCiN3S (Salman 2016), the molecular



weight of 373.90 g/mol and maximum adsorption wavelength of 660 nm (Koch, 2013). Itis a
cationic dye and a synthetic substance that does not occur naturally (States, 2008) and is
synthesised commercially by oxidation of N, N-dimethyl-phenyl diamine with sodium
dichromate (Na2Cr.07) in the presence of sodium thiosulfate (Na2S20z3), followed by further
oxidation in the presence of N,N-dimethylaniline (Koch, 2013). Figure 3 shows a typical
example of the methylene blue and its aromatic structure and which brought serious eco-
environmental problems. It is a heteropoly aromatic structure that can cause damage to plants
and animals that live in water, as well as human health, it has negative impacts on both the
environment and living organisms (Ramakrishna et al., 2006). If inhaled, it can lead to
shornesst breath and, if digested, it leads to nausea, diarrhoea, vomiting (Khadaie et al., 2012),
pains, mental disturbance, pain micturition and biennia syndrome (Zarubica, 2016, Bhatia et
al., 2017, Chequer et al., 2017). It is very difficult to biodegrade due to its complex aromatic
structure (Kim et al., 2013), chemical nature and molecular size (Wallace et al., 2001).
Therefore, the degradation of methylene dye in wastewater is of great interest and has been
extensively studied due to the high rate of water pollution and it is a problem commonly faced
globally, as well as its increase on a daily basis (Cotto-Maldonado et al., 2017).
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Figure 3: Powder and structural formula of methylene blue.

1.7. Conventional methods

In recent years, conventional chemical, physical, and biological treatment (Ong et al., 2011)
such as adsorption, coagulation (Yu-li et al., 2006), filtration, sedimentation and advanced
oxidation methods (Chen et al., 2016) have been used for the removal of dyes in wastewater
(Chen et al., 2016) (Zarubica, 2016). However, there are limitations in most of the methods

due to their low effectiveness and expevsive (Yu-li et al., 2006; Nie et al., 2013).



1.7.1. Biological process and Adsorption process

The are many studies conducted on the removal of dyes in wastewater, biological methods is
one of the methods used, it is cheap and easy to use however they are limited because they
cannot readily degrade the dyes due to their chemical nature, complex structure and molecular
weight, they result in sludge (Yu-li etal., 2006). Wang et al., 2016 reported a two-phase process
in developing biological methods for decolouration of dyes, the first process is an anaebolic
method followed by an anaerobic process. During the dye degradation, the metaboliess formed
as a dye reduction can further be catabolized either by these process. The intermediates
products synthesized during dye decolouration can also be reduced by other enzymes such as
a hydroxylase and oxygenase that are also produced by bacterias. Muda et al., 2013 reported a

similar process of the degradation of dyes that requires multiple processes.

Adsorption is one of the methods mostly applied to the removal of organic pollutants
(Ahamend et al., 2018). In adsorption processes an adsorbent with high porosity material that
are used to adsorb the pollutants. When a solution containing absorbable solute comes into
contact with a solid that has a high porous surface structure, the are intermolecular forces that
taks place because some of the solute molecules from the solution can be deposited to the solid
surface (Rashed, 2013). Adsorption based techniques are non-denaturing, highly selective,
energy-efficient, and relatively inexpensive because of convenience, ease of operation and

simplicity of design.

Among these methods, catalysis has been demonstrated to be an effective method due to its
high effectiveness, its re-usability, affordability, and it can be scaled up in a way to obtain a
profitable treatment of quite a different pollutant concentration (Lueta et al., 2017). Catalysis
and catalysts play a major role in today’s technology and it is an important material used for
the chemicals and materials manufacturing and pollutant controlling systems (Heveling, 2012).
However, the use of catalysts the iron-based heterogeneous Fenton and metal oxide supported
on silica nanofibers has gained considerable research attention due to its high rate of dye
removal and its wide pH (Jung et al., 2009). Therefore, advanced oxidation processes like
Fenton oxidation, photo-catalysis oxidation and ozone oxidation, have been highly considered

due to their ability to remove the textile dye in wastewater(Wang et al., 2017).

1.8. Fenton Process
The discovery of the Fenton process was in the 19" century by a scientist called H.J Fenton.
This discovery was observed when the oxidation reaction of tartaric acid and dihydroxy maleic



acid by hydrogen peroxide in the presence of ferrous iron was used. This reaction begins by
the separation of the oxidising agent (H202) which is an extremely reactive species, with the
high oxidative potential of 2.80 volts (Neyens & Baeyens, 2003), these radicals have an ability
to attack specific compounds. Hence, recently the Fenton reaction is mainly used for
wastewater treatment due to its ability to oxidising organic materials into inorganic compounds
such as water and carbon dioxide in mild conditions (Nogueira et al. 2014). Fenton reactions
are one of the advanced oxidation processes (AOP) used for treating wastewater; it uses
hydrogen peroxide in the presence of ferrous iron as a catalyst, these are mainly responsible
for oxidising the organic pollutants in wastewater, therefore, degrading them completely to
inorganic materials (Nogueira et al., 2014). The following equations 1 to 7 show the steps in
the mechanisms of the formation of radicals in the Fenton process. The reaction consists of the
following seven elementary reactions (Wang et al., 2014).

The formation of hydroxyl radicals:

Fe?* + H,0, —» Fe*" ++«OH + OH eq. 1
*OH + Fe** —» Fe¥* + OH eq. 2
Fe3* + H,0, —» Fe— OOH3* + H* eq. 3
Fe — OOH** —  «HO, + Fe?* eq. 4
Fe’* + «HO, — Fe*" + OHy eq. 5
Fe** + «HO,— Fe?** + O, +H* eq. 6
*OH + H202 —  H20 + HO; eq. 7

In generating the high content chemical oxidant of hydroxyl (:OH) and per hydroxyl radicals
(-OOH) oxidised organic species present in the wastewater into harmless, stable and inorganic
water (Nogueira et al., 2014). Figure 4 shows the colour change of the methylene blue before
the degradation and after the degradation, the water changed from deep blue to colorless. Figure
5 shows a possible degradation mechanism of methylene blue by Fenton reaction (Wang J. et
al. 2014). Ideally the methylene blue needs to be fully mineralized to carbon dioxide and water

since the intermediates like phenol is also harmful to the environment.



Figure 4: Methylene blue solutions before degradation and after degradation (Nogueira et al.,
2014).
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Figure 5: Degradation mechanism of methylene blue by Fenton reaction. (Wang J. at
al.,2014).
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Therefore, introducing nanostructured materials with good catalytic activity properties in
Fenton processes such as nanofibers will enhance the catalytic activity for the removal of dyes.
Nanofibers exhibit good properties, with small diameters and a porous surface. These
membranes possess excellent permeable properties and are favoured in environmental
remediation areas. The nanoparticles supported on polymers; silicates and metal oxide
substrates have gained interest because of their stability, reusability and good catalytic
properties (Patel et al., 2007). Wang et al. (2017) studied the efficiency of bimetallic compound
nanoparticle for the degradation of methylene blue using the Fenton reaction. The Fe/Cu
bimetallic nanoparticles were supported on carbon nanofibers and were prepared by
electrospinning. The prepared catalysts (Fe/Cu/CNF) were used for the Fenton catalytic
performance for the degradation of azo dye and acid orange. Therefore, the results obtained
showed that the catalyst possesses porous structures with a high specific surface area and a
matrix of carbon nanofibers. The catalytic activity resulted in up to 97.7 per cent by (Fe-

CUu/CNF) and this technology has gained attention in the Fenton chemistry.

Nie et al. (2013) conducted a study for the synthesis of polyacrylamide/copper sulphide
composite nanofibers and recyclability of the catalyst for the removal of dyes. The nanofibers
were prepared by a hydrothermal method and the electrospinning technique with a voltage of
18 kV at 20 cm. The synthesised nanofibers showed high removal efficiency for the
degradation of methylene blue in the presence of hydrogen peroxide and the catalyst was
recovered. It was concluded the material is perfect for recyclability for Fenton reaction,
therefore, metal oxide oxides and metal sulphide supported on nanofibers promises to be a

good technology in water purification.

Wang et al. (2017) also conducted a study for the fabrication of flexible self-standing Cu-Al203
fibrous membrane via the electrospinning technique for Fenton catalysis of bisphenol
degradation. The effect of calcination temperature, pH and the concentration of the metal
precursor on the fibres and average diameter was investigated. The fibres decreased with an
increase in the metal precursor concentration and a slight decrease with increase in calcination
temperatures (600, 700, 800 °C). It was observed that the fibres calcined at 600 "C could be
bent and remain cohesive without any cracks, showing that the membranes have excellent

flexibility.
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This study is based on the preparation and catalytic activity of the iron oxide supported on
polymer-silica nanofibers for the degradation of methylene blue using the Fenton reaction. The
silica nanofibres will be synthesised by the electrospinning technique and blended with iron
oxide nanoparticles (1 wt%, 2.5 wt% and 5 wt%) or impregnated with iron solution. Thus, the
resultant iron oxide-silica nanofibers will be used with hydrogen peroxide in Fenton oxidation

methods for the removal of methylene blue in the water.

1.9. Problem statement

Water pollution is a global problem, of which organic dyes such as methylene blue constitute
major pollutants in water. These dyes result in substantial losses to the economy, damage to
the aquatic ecosystem, are harmful to all living organisms and they are non-biodegradable. Due
to the complexity of economic need to use dyes and demand for clean water, methods for the
degradation of these dyes are pivotal. Thus, the Fenton reaction with the iron oxide-silica
nanofibers catalyst is one of the methods that can be used for the removal of these dyes and a

catalyst with improved activity and stability needs to be developed.
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1.10.

AIM AND OBJECTIVES

The main aim of the study is to prepare silica nanofibers with embedded iron oxide

nanoparticles using three different routes for their Fenton reaction in the degradation of

methylene blue.

In summary, this study focuses on the following aim and objectives:

1.10.1.
>

1.10.2.

Aim
To investigate the catalytic activity of the iron oxide-silica nanofibres using the Fenton
reaction for the degradation of methylene blue.

Objectives

To prepare silica nanofibers using electrospinning technique and optimize the voltage
(20, 25 and 30 kV).

To characterize the synthesized silica nanofibers using SEM, FTIR and XRD.

To impregnate the fabricated silica nanofibers with iron nitrate (1 wt%, 2 wt% and 5
wt%) using incipient wetness impregnation.

To fabricate iron oxide silica nanofibers using direct addition of iron nitrate (1 wt%, 2
wt% and 5 wt%) in the spinning solution by electrospinning technique.

To prepare iron oxide nanoparticles using co-precipitation and precipitation methods.
To characterize the synthesized iron oxide nanoparticles using, TEM, XRD, UV-Vis,
PL, FTIR and Raman spectroscopy.

To fabricate silica nanofibers incorporated with iron oxide nanoparticles (1 wt%, 2 wt%
and 5 wt%) by electrospinning technique.

To calcine the fabricated iron oxide silica nanofibers at 400 °C.

To characterize the synthesized iron oxide silica nanofibers using, SEM, XRD, and
FTIR spectroscopy.

To evaluate the effect of Fenton degradation of methylene blue using the prepared iron
oxide silica nanofibers in method 1, method 2 and method 3.

To conduct the leaching test for the prepared iron oxide silica nanofibers catalysts in
method 1, method 2 and method 3.

13



CHAPTER 2

2. RESEARCH METHODOLOGY

2.1. Chemical reagents

Tetraethyl orthosilicate (TEOS, 98%) reagent grade, poly (vinyl alcohol) (PVA 98 000 MW),
phosphoric acid (HsPOs4, 98.9%), iron (Ill) nitrate nonahydrate (Fe(NO3)3*9H.O, 98%),
hydrogen peroxide (H202, 32%), methanol (CH30OH, 99%), sodium hydroxide (NaOH,
98.9%), isopropanol alcohol (CsH7OH, 99.7%), ethanol (C.HsOH, 99,7%), aluminium foil,
methylene blue (MB)(C16HisCIN3S, 98%), iron(Il)chloride tetrahydrate (FeCl>*4H20, 99.0%),
iron(IT)chloride  hexahydrate  (FeCl3'6H2O,  99.99%) and tetracthylammonium
(TEA)(CsH2INO, 25%) were purchased at sigma Aldrich (south Africa). All chemicals were

used as purchased, without any further modification.

2.2.  Experimental (Preparation of Iron oxide silica nanofibers using different routes).
Scheme 3.1 shows the steps involved in the preparation of iron oxide silica nanofibers using
three different methods. Method 1: the preparation of iron oxide silica nanofibers by incipient
wetness impregnation of iron nitrate into the silica nanofibers on this method pure silica
nanofibers were firstly prepared by sol-gel method and electrospinning. During the
electrospinning, the voltage was varied to obtain an optimum. The fabricated fibres were

impregnated by iron nitrate solution at different concentrations and calcined.
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The preparation of iron oxide- silica nanofibres
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Scheme 1: Flow diagram to represent the methods used in preparing nanofibers.

2.2.1. The preparation of iron oxide silica nanofibers using incipient wetness
impregnation (Method 1).
The method was adopted from (Shao et al., 2002) (modified) and further modified. Sol-gel of
tetraethyl orthosilicate (TEOS): phosphoric acid (HsPOa): deionised water (dH20) with a molar
composition of 1: 0.01: 10 respectively were prepared by hydrolysis and polycondensation
process. A solution of deionised water and phosphoric acid was slowly added to TEOS with
vigorous stirring at room temperature, the stirring was continued for 5 hours to obtain a clear
colourless solution. While 10 wt.% of polyvinyl alcohol (PVA) solution was prepared by
dissolving 10 g of PVA powder in 90 mL of deionised water for 2 hours at 80 °C. An
equivalent mass of 10 % polyvinyl alcohol (PVA) was added to silica sol dropwise and stirred

for 12 hours at room temperature.

The prepared polymer solution was electrospun. The solution was contained in a syringe
connected to the high voltage power supply. The applied voltage was ranging betweenl10, 15
and 20 kV at a distance of 10 cm from between the nozzle tip and ground collector. A jet

deposited in an aluminium foil was collected and dried for 12 hours at 70 °C under vacuum to
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remove water residues. The prepared silica nanofibers were impregnated with iron nitrate using

a spin coater and calcined at 400°C to obtain iron oxide-silica nanofibers.

2.2.2. The preparation of iron oxide silica nanofibers using the direct addition of iron
nitrate precursor (Method 2)
A sol-gel of tetraethyl orthosilicate (TEOS): phosphoric acid (H3POa): deionised water (dH20)
with a molar composition of 1: 0.01: 10 respectively were prepared by hydrolysis and
polycondensation process. A solution of deionised water and phosphoric acid was slowly
added to TEOS with vigorous stirring at room temperature, the stirring was continued for 5
hours to obtain a clear colourless solution. While 10 wt.% of polyvinyl alcohol (PVA) solution
was prepared by dissolving 10 g of PVA powder in 90 mL of deionised water for 2 hours at
80 °C. An equivalent mass of 10 % polyvinyl alcohol (PVA) was added to silica sol dropwise
followed by the addition of iron nitrate precursor (1 wt%, 2 wt% and 5 wt %). The solution

was further stirred at room temperature for 12 hours to form a homogenous mixture.

The prepared polymer solution was electrospun. The solution was contained in a syringe
connected to the high voltage power supply. The applied voltage was ranging between 10, 15
and 20 kV with a distance of 10 cm from between the nozzle tip and ground collector. A jet
deposited in an aluminium foil was collected and dried for 12 hours at 70 °C under vacuum to
remove water residues. The prepared silica nanofibers were impregnated with iron nitrate using

a spin coater and calcined at 400 “C to obtain iron oxide-silica nanofibers.

2.2.3. Preparation of silica nanofibers incorporated with iron oxide nanoparticles
(magnetite). (Method 3)
This method was adopted from (Fatehi et al., 2017), iron oxide nanoparticle was synthesised
by co-precipitation method. The two iron salts, FeCl3.6H20 (0.02 mol) and FeCl,.4H>0O (0.01
mol) were dissolved in 150 mL of de-ionized water and stirred at 70 °C for 2 hours under reflux.
Sodium hydroxide (5 M) was added dropwise to obtain a pH of 11 and it was continuously
stirred for an hour under nitrogen. The formed precipitate was collected by centrifuge and
washed 3 times with hot deionised water and washed once with ethanol to remove the water

residue and it was dried at 50 “C for 2 hours.

Sol-gel solution with the molar composition of tetraethyl orthosilicate (TEOS): phosphoric acid
(H3POs): deionised water (dH20) 1: 0.01: 10 was prepared by hydrolysis and condensation

process of the metal alkoxide. The preparation of sol-gel was done by dropwise addition of
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aqueous HzPO4 to TEOS with vigorous stirring at room temperature. The mixture was reacted
for 5 hours at room temperature. An equivalent mass of 10 wt% of PVA solution was added
dropwise into the silica gel. The prepared iron oxide nanoparticles (1 wt%, 2 wt% and 5 wt%)
were added to the sol and the reaction continued to stir for 12 hours. The obtained fibres were
calcined at 400 °C.

The prepared polymer solution was electrospun as follows; the solution was contained in a
syringe connected to the high voltage power supply. The applied voltage was varied from 10,
15 and 20 kV with a distance of 10 cm from between the nozzle tip and ground collector. A jet
deposited in an aluminium foil was collected and dried for 12 hours at 70 °C under vacuum to
remove water residues. The prepared silica nanofibers were impregnated with iron nitrate using

a spin coater and calcined at 400 °C to obtain iron oxide-silica nanofibers.

2.2.4. Preparation silica nanofibers incorporated with iron oxide nanoparticles.

Iron oxide nanoparticles were prepared by the addition of 43,69 mL tetraethylammonium
hydroxide (TEA) to 100 mL volumetric flask and filled up to the mark with distilled water.
The solution was transferred to three-neck round bottom flask and was stirred in a magnetic
stirrer until it reaches 85 “C. The solution of iron nitrate (Fe (NO3)s. H20) (0.02 mol) dissolved
in 10 mL of deionised water and was added to the solution. Followed by the addition of 0.9102
mL of hydrogen peroxide (H202). The reaction was allowed to stir for 1 hour 30 minutes, then
cooled down to room temperature. The solution was centrifuged with 50 mL of methanol to
collect the precipitate and was washed with 0.1 M of hydrochloric acid (HCI) two times to
remove the unreacted species, three-time with deionised water. It was washed with the

methanol to remove the traces of water and dried overnight at room temperature.

Sol-gel solution with a molar composition of tetraethyl orthosilicate (TEOS): phosphoric acid
(H3POs): deionised water (dH20) 1: 0.01: 10 was prepared by hydrolysis and condensation
process of the metal alkoxide. The preparation of sol-gel was done by dropwise addition of
aqueous HzPO4 to TEOS with vigorous stirring at room temperature. The mixture was reacted
for 5 hours at room temperature. An equivalent mass of 10 wt% of PVA solution was added
dropwise into the silica gel. The prepared iron oxide nanoparticle (1 wt.%, 2 wt.% and 5 wt.%)
were added to the sol and the reaction continued to stir for 12 hours. The obtained fibres were
calcined at 400 °C.
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The prepared polymer solution was electrospun. The solution was contained in a syringe
connected to the high voltage power supply. The applied voltage was ranging between 10, 15
and 20 kV with a distance of 10 cm from between the nozzle tip and ground collector. A jet
deposited in an aluminium foil was collected and dried for 12 hours at 70 °C under vacuum to
remove water residues. The prepared silica nanofibers were impregnated with iron nitrate using

a spin coater and calcined at 400 °C to obtain iron oxide-silica nanofibers.

2.3.  Fenton degradation of Methylene blue.

The prepared catalyst (0.005 g) was placed in 500 mL beaker and 50mL deionised water was
added, followed by the addition of 10 mL of 1000 ppm of methylene blue. The mixture was
covered with aluminium foil to avoid photodegradation. Another 20 mL of deionised water
was added and stir at 500 rpm using a magnetic stirrer for 1 hour at 50 °C to ensure the
adsorption-desorption equilibrium. A volume of 20 mL of H20, (30%) was added to start the
reaction for the breaking down of methylene blue. 1 mL of the solution was sampled at At time
intervals of 0, 5, 10, 20, 30, 40, 50 and 60 minutes into 100 mL volumetric flask and 1 mL of
isopropanol was added to quench the reaction. The solution was diluted to the mark with
deionized water and analysed using the UV-vis spectrophotometer. The catalyst was recovered

from the reaction by centrifuging.

2.4.  Leaching tests

A mass of 0.005 g of the catalyst was placed in 500 mL beaker and 50mL deionised water was
added, followed by the addition of 10 mL of 1000 ppm of methylene blue. The mixture was
covered with aluminium foil to avoid photodegradation. Another 20 mL of deionised water
was added and stir at 500 rpm using a magnetic stirrer for 1 hour at 50 °C to ensure the
adsorption-desorption equilibrium. 20 mL of H20. (30 %) was added to start the reaction for
the breaking down of methylene blue. Approximately 1 mL of the solution was sampled at 60
minutes into 100 mL volumetric flask and 1 mL of isopropanol was added to quench the
reaction. The solution was diluted to the mark with deionized water and analysed using the

atomic Adsorption spectrophotometry (AAS).

2.5.  Characterization techniques.
These characterization instruments were used to investigate the chemical and physical
properties of the prepared materials. Characterizations were done internally and also send to

external facilities.
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The chemical composition and functional groups of iron oxide nanoparticles and iron oxide-
silica nanofibers were determined using Perkin-Elmer 400 IR Spectrometer, universal ATR
with diamond detector a wavenumber range from 400-4000 cm™. The optical properties of the
iron oxide nanoparticles were studied using UV-Vis spectrophotometer analysis, performed
with a double beam spectrometer-Perkin Elmer Lambda 25 UV/Vis with a tungsten and
deuterium lamp. The spectra were collected from 180-1100 nm using a bandwidth of 1 nm with
a fixed slit. The quantitative studies for dye degradation were carried out using Thermo
Scientific Evolution 220 UV-Vis spectrophotometer single beam. Photoluminescence analysis
was performed at room temperature using Jasco spectrofluorometer FP-8600 equipped with
XE lamp, 150 W, with bandwidth excitation slit 5 nm and the emission ranging from 200-1010
nm. The crystallinity and phase of the materials were investigated by X-ray diffraction patterns
were recorded using the Shimadzu-XRD 700, X-ray diffractometer with Cu Ka radiation (A-
1.154056 A°). A scan speed of 1°/minute, current 30 mA and voltage of 40 kV. A secondary
monochromated Co K a radiation (I =1, 7902 A) was used, the measurements were taken at
high angle 20 in a range of 5-90" with a scan speed of 0.1° 20 s™. The crystalline sizes were
estimated by Debye-Scherer equation and the d spacing were determined using Bragg’s law.
The size and shape of the nanoparticles were determined from JEOL JEM-2100 transmission
electron microscope operating at accelerating voltage of 200 kV and tungsten wire filament.
The silica nanofibers and iron oxide nanofibers images were obtained using an FEI Nova
NanoSEM 230 with a field emission gun and Field emission scanning microscopy (FE-SEM)
(ZEISS ultra plus, Germany). For leaching studies atomic adsorption spectroscopy was used
(AAS), AA-7000 dual atomizer model spectrometer from Shimadzu (Kyoto Japan), with iron
cathode lamp operating at a wavelength of 58 nm, with acetylene purged.
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CHAPTER 3

3. RESULTS AND DISCUSSION

This chapter covers the discussion of results from three different methods employed during the
fabrication of the iron oxide-silica nanofibers in this study. The approaches used include the
preparation of iron oxide silica nanofibers by incipient wetness impregnation of iron nitrate
into the silica nanofibers (method 1), the preparation of iron oxide-silica nanofibers by direct
addition of iron nitrate in the spinning solution (method 2) and the preparation of iron oxide-
silica nanofibers by incorporating iron oxide nanoparticles directly on the spinning solution
(method 3). Various conditions were set for the preparation of the catalysts such as the effect
of loading iron oxide (1 wt.%, 2 wt.% and 5 wt.%) and effect of calcination. While the variation
of voltage was done in pure fibres to obtain the optimum voltage. These materials were
characterised using instruments in Chapter 3 section 2.5. Fenton degradation was exploited
using all the prepared catalysts in method 1, 2 and 3. The preparation of the catalyst can be
influenced by the method used and hence the exploration of the three approaches to establish
the best method for the formation of the catalyst that will be suitable for the catalytic
application. This will depend on the morphology, diameter and the surface to volume ratio that
will give high surface area by creating more active sides on the material to provide the best

possible conditions for the Fenton catalytic reaction.

3.1. Iron oxide-silica nanofibers prepared using incipient wetness impregnation method
(Method 1)

3.1.1. Characterization of pure silica nanofibers using FTIR spectroscopy

The FTIR spectra gives the formation of the functional group present on the silica NF’s, with
a vibrational mode at the region between 4000 - 500 cm™. Figure 6 a shows 10 wt.% PVA
solution spectra with a broad peak at a region 3300 cm™ which is due to the hydroxyl (O-H)
vibration from PVA and another peak was observed at 1640 cm™* assigned to C-C stretching
from the aromatic ring. Figure 6 b shows silica sol spectra with a broad peak at 3300 cm™
which is ascribed to the O-H bond from the PVA solution and water used during the preparation
of the sol, other prominent peaks were observed the at 2970 cm™, 1600 cm™, 1100 cm™, 970
cm™ and 590 cm™ which are ascribed to C-C, C-H, Si-O-Si and the sinol group (Si-OH)
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respectively. The O-H peak appeared to be more pronounced in the PVA spectra, compared to
silica sol because the PVA solution was mixed with silica sol hence the peak became less
pronounced this might indicate the interaction between the PVVA and silica sol. It was observed
that when the PV A-silica sol electrospun, the O-H peak intensity gradually decreased due to
the solvent evaporation and oxidation condensation reaction took place as shown in Scheme 1
(Sahebi et al., 2015). After thermal treatment, the O-H completely disappeared and a gradual
increase in Si-O-Si intensity attributed to complete oxidation condensation of silica hydroxyls

to silica and desorption of solvent from the fibre surface.
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Scheme 2: Oxidation of silica hydroxyls to form silica (Sahebi et al., 2015).
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Figure 6: FTIR spectra of (a) PVA, (b) PV A/silica so gel (¢) electrospun PV A/silica NF’s and
(d) calcined silica NF’s.

3.1.2. Effect of varying voltage and calcination on pure silica nanofibers.

(a) Effect of voltage variation

The morphology of the electrospun fibres can be influenced by varies parameter such as
conductivity, surface tension, viscosity, distance from the tip to the collector, the voltage being
among the parameters (Song et al., 2018). The applied electrical field affects the morphology
of the fibres (Hobzov et al., 2012). When a strong electrostatic force is applied, charges are
generated in the solution, and then the charged solution moves towards the ground collector
(Baji et al., 2010). When a charged jet is ejected from the tip at different voltages the fibres
formed are in varies shapes and diameter (Wong et al., 2008). Optimising the voltage is a key
driver in the design of nanofibers (Zhang et al., 2020) and hence the voltages ranging from 20
to 30 kV were applied and found desirable to produce fibres as compared to electrospraying or
forming beads. Figure 7 a, b and ¢ show silica nanofibers electrospun at 20 kV, 25 kV, and 30

kV respectively. When the applied voltage was 20 kV the diameter of the fibre was 341 nm,
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while at 25 kV it was 602 nm and at 30 kV it was 349 nm. It was observed that there was an
increase in fibres diameter from 20 kV to 25 kV this might be due to the deformation of
polymeric droplets (Haider et al., 2018). A decrease in fibres diameter from 25 kV to 30 kV
was also observed which attributed to stretching of the polymer. It was observed that at 25 kV
was the critical voltage hence a decrease in fibre diameter was observed as the voltage was
future increased. A thick fibre mat was obtained at high voltage and the fibres were formed
much faster. Therefore, the optimum voltage was found to be 20 kV due to smaller diameter
and well-distributed fibres. Applied voltage had effects on both the size and shape of the fibres.
Figure 3a and c¢ showed a macaroni like shaped fibres while the fibres are seen in Figure 3b

there were wide fibres.
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Figure 7: Scanning electron microscopy (SEM) images of iron oxide silica nanofibers
electrospun at different voltages (a) 20 kV, (b) 25 kV, and (c) 30 kV and their particle size
distribution histogram.

(b) Effect of calcination.

The silica nanofibers were calcined at 400 °C to remove the organic polymer in order to obtain
pure silica nanofibers. Figure 8 shows iron oxide silica nanofibers before and after calcination.
The calcined fibres prepared at 20, 25 and 30 kV had a smaller average diameter ranging from

276 - 367 nmcompared to the uncalcined iron oxide silica nanofibers which diameter ranging
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from 377- 434 nm. The decrease in diameter is attributed to the decomposition of P\VA polymer
during calcination at 400 °C. The fibre exhibited relative uniform size distribution and well-
defined shapes. After calcination, the fibres became smaller as shown in Figure 8 e and g due
to thermal treatment that indicates a physical interaction between the organic polymer and the

inorganic matrix was present before calcination (Toskas et al., 2011).
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Figure 8: Scanning electron microscopy (SEM) images of silica nanofibers before calcination
(a to ¢) with voltage ranging from 20,25 & 30 kV respectively and after calcination (e to g),

and their respective size histograms (d & h). (Calcination temperature is 400 °C).

(c) Fourier transform infrared (FTIR) spectroscopy

The FTIR future confirmed the decomposition of the organic polymer during calcination as
observed on the FTIR spectra as shown in Figure 9. The uncalcined silica nanofibers showed
a broad peak at 3200 cm™ ascribed to the O-H stretching and other peaks were observed at
1050 cm attributed to Si-O-Si, whereas the calcined fibres the O-H peak was no longer visible,
indicating the decomposition of PVA on the fibres, that lead to the decrease in fibres diameter
as indicated in 3.1.2 b.
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Figure 9: FTIR spectra of iron oxide-silica nanofibers before and after calcination at 400
°C.

3.1.3. Characterization of iron oxide-silica nanofibers using XRD and FTIR spectroscopy.

(a) X-ray diffraction patterns (XRD)

X-ray diffraction Patten (XRD) analysis was performed at room temperature from 0° to 80° to
determine the crystalline phase of the silica nanofibers impregnated with 1 wt.%, 2 wt.% and
5 wt.% iron oxide. A broad diffraction peak was observed on the XRD Patten between 20°-
30° indicating the amorphous nature of silica nanofibers, no iron oxide diffraction peaks were
observed this is attributed to the small crystalline size of the iron oxide, indicating that they are
less than 5 nm hence they are lower than the XRD detection limit (Y. Wang et al., 2017). The
spectrum of 5 wt.% iron oxide silica nanofibers showed another peak at 35° and 63° attributed
to the increase in iron oxide content, this might suggest that the iron oxide is very well dispersed

within the support material hence it is amorphous.
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Figure 10: X-ray diffraction pattern of silica nanofibers impregnated 1 wt.%, 2 wt.% and 5

wt.% iron oxide

(b) Fourier transform infrared (FTIR) spectroscopy

Figure 11 presents the FTIR spectra of silica nanofibers with characteristic adsorption band at
1700 cm, 1100 cm™ and 870 cm™ attributed to C= C, Si — O — Si and Si-OH. As the iron oxide
is introduced a slight shift on the peaks that indicate the interaction between the silica
nanofibers and iron oxide. An additional adsorption peak was observed at 520 cm™

characteristics to Fe-O confirming the formation of iron oxide.
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Figure 11: FTIR spectra of silica nanofibers and silica nanofibers impregnated 1 wt.%, 2
wt.% and 5 wt.% iron oxide.

3.1.4. Effect of loading iron oxide and EDS analysis.

(a) Effect of loading iron oxide.

The morphology and the size of the fibres were investigated using the scanning electron
microscopy (SEM). The image in Figure 12 a show plain silica nanofibers that appeared to be
uniform and continuous with an average diameter of 276 nm. Figure 12 b, ¢ and d showed silica
nanofibers impregnated with different loadings of iron oxide. Upon calcination, the
impregnated silica nanofibers changed to dark brown indicating the formation of iron oxide
similar results were obtained by Patel et al., 2017. A change on the surface of the material was
observed after the incipient wetness impregnation the fibres surface slightly changed and layers
were forming on the surface attributed to the incorporation of iron oxide, indicating that the
iron oxide might be also covering the silica fibre support. The fibres were randomly distributed
with an average diameter of 279 nm, 282 nm and 288 nm, it was observed that as the iron
loading concentration was increased the fibre diameter also increased. Although the change

was not too high from the plain fibres.
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Figure 12: SEM image of (a) silica NF’s and (b) 1 wt.%, (c) 2 wt.% and (d) 5 wt.%

impregnated iron oxide-silica NF’s.

(b) Energy dispersive x-ray spectroscopy (EDS)

The Energy dispersive x-ray spectroscopy (EDS) analysis was used to identify the elemental
composition of the obtained material. Figure 13 reveals the presence of C, P, O, Si and Fe and
the weight per cent presented in Table 1. The materials contained all the desirable components
with smaller traces of phosphorous (P) due to the phosphoric acid used as a catalyst during the
preparation of sol-gel. The percentages of iron and oxygen increase with an increase in oxide
loading. As observed in table 1 the oxygen of the plain silica nanofibers had a lower oxygen
content, however, when the iron oxide was introduced there was an increase in oxygen and the
more the iron percentage is increased from 1 wt% to 2 wt% and 5 wt% the oxygen constantly
increase primarily due to the oxides attached to the iron metal.
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Figure 13: SEM-EDS analysis of silica NF’s and (1 wt.%, 2 wt.% and 5 wt.%) impregnated

iron.

Table 1: Energy-dispersive X-ray spectroscopy (EDS) Analysis elemental composition silica
nanofibers and silica nanofibers impregnated with 1 wt.%, 2 wt.% and 5 wt.% iron oxide

Elements percentage (wt. %)
Catalysts -
C @) Si P Fe Total
Silica NF’s 8.91 |47.10|44.6 |0.32 |0.00 | 100
1 wt.% iron oxide silica NF’s 7.31 |58.28 33,57 (0,32 | 0.52 | 100
2 wt.% iron oxide silica NF’s 6.19 |[59.33|33.1 (0,36 |1.02 | 100
5 wt.% iron oxide silica NF’s 436 |59.12|33,67|0,33 |3.52 |100

(c) Fenton catalytic activity

The degradation of methylene blue was done in order to determine the catalytic activity by
varying different catalysts with different iron oxide percentage loading. The catalysts were first
placed in the methylene blue (MB) solution for an hour of adsorption studies then followed by
the Fenton degradation process. The Fenton degradation process the catalyst reaction with

hydrogen peroxide and that are hydroxyl radicals that are formed. Note that the percentage
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removal does not start at zero and this is due to 60 minutes adsorption that took place before
catalysis, as described in Chapter 2.3. As shown in Figure 11 adsorption process showed
significant removal of MB, about 52.6 % removal was obtained for plain silica NF’s within 1
hour. While 20 %, 13.2 % and 7.7 % adsorption removal were obtained for 1wt% iron oxide-
silica NF’s, 2 wt% iron oxide- silica NF’s and 5 wt% iron oxide- silica NF’s respectively. Upon
addition of hydrogen peroxide (H20>) for Fenton process,the removal efficiency increased by
16.5 %, 25.6 %, 40.2 % and 60.2 % with total removal efficiency of 69.1 %, 45.6 %, 53,2 %
and 67.9 % respectively. Silica NF’s showed high removal capacity due to its high adsorption
capacity on the surface of the material while it had no Fenton catalytic activity effect because
there was no radicals’ formation. On the other hand, the impregnated material had low
adsorption capacity this might be due to the iron sitting on the surface of the fibres resulting to
slow adsorption. Although the introduction of iron oxide species on silica nanofibers played a
catalytic role. The iron oxide reacts with the hydrogen peroxide producing highly oxidising
radicals that subsequently attack the organic species, leading to their degradation, hence
increasing the removal efficiency. The more the iron oxide concentration is increased the
removal efficiency also increases. It was also observed that time also affects removal efficiency

increases, as the time increases the removal efficiency also increase.

During the catalytic activity two stages were observed, the first 30 minutes there was an
induction period, due to slow reaction, followed by the oxidation. In the first 30 minutes, the
iron ions react with the hydrogen peroxide to generate the hydroxyl radicals that lead to a slow
degradation, after 30 minutes the hydroxyl radicals are generated there attracting the organic
compounds. Similar results were obtained by Albhisha et al., (2016), where they reported three
stages in the photo-Fenton degradation. The first stage was considered as the induction period,
the reaction was slow and they suggested that this stage involves the generation of the hydroxyl
radicals. In the second stage, there was significant degradation taking place, where the hydroxyl
radicals acted as oxidising agents for the degradation of the dye. In the third stage, the reaction
rate slowed down and they suggested that it was due to the smaller amount of dye remain hence
leading to a slow reaction. While, Xu et al., (2011) suggested that the activation process is due

to the surface of iron species and iron dissolution.
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Figure 14: Fenton degradation efficiency of MB using silica nanofibers, 1 wt%, 2 wt% and 5

wt% iron oxide-silica nanofibers catalyst.

(d) Kinetics studies

The kinetic studies for the Fenton process were performed to determine the rate of reaction.
The rate can either be described as the pseudo-first-order or pseudo-second-order depending
on the best-fitted correlation constant. Pseudo first order and Pseudo second order Kinetics were
therefore fitted to all data points of the obtained information shown in table 2 represented in
(Figure 15 a and b), but low R? values were obtained due to an induction period observed
during the first 30 minutes of the reaction (see 3.1.4). The results showed that the rate between
the pollutant and the catalyst best fitted the Pseudo-first-order due to high correlation
coefficient as seen in (Table 2). Table 3 represented in figure 16 a and b showed the correlation
after the induction period Xu et al. (2011) showed that when the pH decreases the induction
period disappeared (see Figure 16) indicating that the pH plays a role. When the pollutant gets
oxidised, the organic acids like oxalic acid and acetic acids form and pH drops, in turn,
accelerates the rate of the Fenton reaction. Zhou et al. 2014, studied the course of the induction
period. They found out that the calcination temperature played a vital role in the activity,
although it needed a long time for the activation. Therefore, it showed that the activation
process plays a role.
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Table 2: Degradation of MB at different loading of Fe (before the 30 minutes).

Pseudo first order Pseudo second order
Catalysts k (min?) R? K (ppm?* min?) | R?
SiO2 NF’s 0.0069 0.9362 0.0002 0.9532
1 wt% iron oxide- SiO2 NF’s 0.0054 0.6834 8x10° 0.6509
2 Wt% iron oxide- SiO2 NF’s 0.0009 0.8750 -0.0001 0.7896
5 wt% iron oxide- SiO2 NF’s 0.0153 0.8279 0.0003 0.7283

Table 3: Degradation of MB at different loading of Fe (after 30 minutes).

Pseudo first order Pseudo second order
Catalysts k (mint) R? K (ppm* mint) | R?
SiO2 NF’s 0.0031 0.8222 0.00004 0.8202
1 wt% iron oxide- SiO2 NF’s 0.0167 0.9647 0.0008 0.9513
2 Wt% iron oxide- SiO2 NF’s 0.0207 0.9666 0.0004 0.9462
5 wt% iron oxide- SiO2 NF’s 0.0357 0.9828 0.0008 0.9485
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Figure 15: (a) Pseudo first order and (b) pseudo second-order kinetics of silica nanofibers, 1
wt.%, 2 wt.% and 5 wt.% iron oxide-silica nanofibers catalyst all points before and after 30

minutes.
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Figure 16: (a) Pseudo first order and (b) pseudo-second-order kinetics of silica nanofibers, 1

wit%, 2 wt% and 5 wt% iron oxide-silica nanofibers catalyst all points after 30 minutes.
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3.2. Iron oxide silica nanofibers using the direct addition of iron precursor in the

spinning solution. (Method 2)

3.2.1. Characterization of iron oxide-silica nanofibers using XRD
(a) X-ray Diffraction (XRD) analysis

X-ray diffraction pattern provided information about the crystalline phase of the electrospun
iron oxide silica nanofibers. Figure 17 a and b shows a diffraction pattern of electrospun 1 wt%,
2 Wt% and 5 wt% iron oxide silica nanofibers at 20 with the scale ranging from 15° to 80%. An
amorphous phase was observed at 20 = 25° which was due to the silica, which is more visible
in Figure 1b. Four diffraction peaks were also observed at the region 38.22°, 44.13°, 64.84°
and 77.39° which corresponds to the blank sample holder shown in Figure 17a, this could be
due to incomplete coverage of the sample holder by the sample. The spectra showed no visible
iron oxide peaks for the percentage loadings of 1 wt%, 2 wt% and 5 wt%, this might be due to
small crystalline size or lower concentrations of iron oxide loaded, therefore, it might be below
the detection limit of XRD (Maliyekkal et al., 2010). This might also be due to poor coverage
of the sample holder by sample the Hence the EDS analysis was done to confirm the presence
of iron oxide on the material sees Figure 19.

——1 wt.% iron oxide silica NF's
(a) Blank sample holder (b)
1 wt.% iron oxide silica NF's
2 wt.% iron oxide silica NF's
5 wt.% iron oxidgsilica NF's
4000
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Figure 17: Powder X-ray diffraction (XRD) patterns of (a) blank sample holder, 1 wt%, 2
wt% and 5 wt% iron oxide silica nanofibers, (b) zoom-in spectra of 1 wt%, 2 wt% and 5 wt%

iron oxide silica nanofibers.
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3.2.2. Effect of loading of iron oxide and EDS analysis

(a) Effect of loading iron oxide

Figure 18 shows the SEM images of the iron oxide silica NF’s loaded of 1 wt.%, 2 wt.% and 5
wt.% iron oxide. The loading of iron had an effect on the surface of the fibres, as the iron
content was increased the surface becomes rougher with some layers forming. Figure 15
showed beats formation that might be due to the spraying of the jet when the voltage was
initially applied. The increase in iron content also has a sight influence on the diameter of the
fibre as the iron content increased the fibre diameter increased suggesting that iron influences
the thickness of the fibre.
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Figure 18: Scanning electron microscopy (SEM) images of silica nanofibers loaded with (a)
1 wt.% (b) 2 wt.% (c) 5 wt.% iron oxide and their distribution graphs.

(b) Energy dispersive x-ray spectroscopy (EDS) Analysis of Iron oxide-silica nanofibers.
The elemental composition was presented by the SEM-EDS analysis that highlighted the
presence of C, O, Si, P, and Fe. The presence of Fe and O confirmed the formation of iron
oxide. Si attributed to silica, the average atomic percentage formation shown in Figure 19 and
Table 4. The results obtained in method 1(Impregnation) Figure 10 and table 1 showed an

increase in iron oxide as the iron percentage was increased but compared to this method ( direct
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addition of iron precursor) all the percentages are approximately around 1 wt%. That results
might suggest that the iron oxide doesn’t behave the when they are introduced to the silica
nanofibers by impregnation and direct addition of iron precursor. The iron oxide introduced by
impregnation method is most likely to be sitting on the surface of the silica nanofibers (see
3.1.4 a) hence SEM-EDS detecting most of the material. Whereas on the direct addition
method they might be embedded inside the silica nanofibers therefore the SEM-EDS detected
only the iron oxide on the surface leading to lower percentages. This played a vital role in the
catalytic and adsorption activity (see 3.1.4 c and 3.2.2 ¢)

Lﬂi} m

Figure 19: EDS analysis of silica nanofibers loaded with (a) 1 wt.% (b) 2 wt.% (c) 5 wt.%

iron oxide.

Table 4: Energy dispersive x-ray spectroscopy (EDS) analysis elemental composition of 1
wt.%, 2 wt.% and 5 wt.% iron oxide silica nanofibers.

Elements percentage (wt. %)
Catalysts .
C O Al Si P Fe | Total
1 wt,% iron oxide silica NF’s 25,38 | 49,37 | 0,00 | 27,89 (0,37 | 0,98 | 100
2 wt.% iron oxide silica NF’s 23,27 148,92 | 0,00 |2584 0,31 |1,22 |100
5 wt.% iron oxide silica NF’s 21,10 | 52,28 | 0,34 | 24,78 (0,34 | 1,16 | 100

(c) Fenton catalytic activity.

Methylene blue was used to investigate the catalytic activity of 1 wt.% iron oxide- SiO2 NF’s,
2 wt.% iron oxide- SiO2 NF’s and 5 wt.% iron oxide- SiO2 NF’s. 1 wt% iron oxide- SiO2 NF’s
showed good adoption properties with a higher removal percentage. Upon addition of hydrogen
peroxide (H202) for Fenton process, the removal efficiency increased by 19.2%, 44.6% and
50.2% for 1 wt.% iron oxide- SiO2 NF’s, 2 wt.% iron oxide- SiO2 NF’s and 5 wt.% iron oxide-
SiO2 NF’s respectively. The addition of H2O: in the presences of Fe based catalyst promoted
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the formation of hydroxyl radicals, very strong oxidants that react with organic species and
mineralise them into less toxic minerals. It was observed that an increase in Fe content leads to
an increase in removal capacity. Therefore, the removal of MB was due to both the adsorption
process and Fenton catalytic activity. The support adsorbed the MB molecules on the surface
of the material, while the OH radical oxidised the MB that leads to higher removal efficiency.
Hence 5 wt.% iron oxide- SiO2 NF’s has higher removal due to the synergistic effect of OH

radicals and support material.
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Figure 20: Fenton degradation efficiency of MB using silica nanofibers, 1 wt.%, 2 wt.% and

5 wt.% iron oxide-silica nanofibers catalyst.

During Fenton reaction, the degradation was monitored UV-vis qualitative analysis but it was
also observed that as the degradation takes place there was also decolourization taking place,
therefore to confirm the physical observations of the intensity of the colour change with time
the decolourization of MB was monitored with UV-vis spectrophotometer, spectral analysis, a
range of 200 nm-900 nm. MB exhibit character absorption wavelength of 665 nm. Figure 21:
showed a rapid decrease in MB absorbance with time upon degradation in presence of 5 wt%
iron oxide- SiO2 NF’s catalyst. As the reaction progresses the MB is absorbed in the surface of
the catalyst and attacked by the hydroxyl radical oxidants that lead to decolourization.

Therefore the Uv-vis confirmed the physical changes with the rapid change in the intensity of
the absorbance.
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Figure 21: Uv-vis spectroscopy of changes in MB solution during the degradation process by
iron oxide-silica nanofibers catalyst.

(d) Kinetics studies

The rate between the catalyst and the pollutant was determined using Pseudo Kinetic studies.
The calculated pseudo-first-order correlation coefficient of pure silica, 1 wt.%, 2 wt.% and 5
wt.% was 0.9489 min™,0.9952 min*, 0.8731 min* and 0.9132 min* and for Pseudo second-
order: 0.9588 ppm™*min~0.9936 ppmmin, 0.7863 ppm*min and 0.82 ppm™*min respectively.
1 wt.% iron oxide- SiO2 NF’s, 2 wt.% iron oxide- SiO2 NF’s and 5 wt.% iron oxide- SiO2 NF’s
fit pseudo-first order with higher correlation coefficients and at a faster rate indicating the

synergetic effect of composite with high k values of Pseudo first order as shown in Table 5.
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Table 5: Pseudo kinetic model of degradation of MB at different loading of Fe.

Pseudo first order Pseudo second order
Catalysts k (min?) R? K (ppm™*mint) | R?
1 wt% iron oxide- SiO2 NF’s | 0.0102 0.9952 0.0003 0.9936
2 wt% iron oxide- SiO2 NF’s | 0.0174 0.8731 0.0002 0.7863
5 wt% iron oxide- SiO2 NF’s | 0.0139 0.9933 0.0003 0.82
5 -
45 - y =-0.018x + 4.4987
R2 = 0.8664
= 41 .
= y =-0.0101x + 3.8323
fl 2 =
£ 35 - y =-0.0069% + 3.811.6 R =09945
R2=0.9362
3 -
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Figure 22: Pseudo first-order kinetics of silica nanofibers, 1 wt%, 2 wt% and 5 wt% iron

oxide-silica nanofibers catalyst.
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Figure 23: Pseudo second order kinetics of silica nanofibers, 1 wt%, 2 wt% and 5 wt% iron

oxide-silica nanofibers catalyst.

3.3. Iron oxide silica nanofibers using direct incorporation of prepared iron oxide
nanoparticles (magnetite) (Method 3).

3.3.1. Distribution and characterization of iron oxide nanoparticles (magnetite) and iron
oxide-silica nanofibers using FTIR, UV-vis, Tauc plot, PL, XRD, Raman and TEM.

(a) Fourier-transform infrared spectral analysis of iron oxide.

The infrared spectra presented in Figure 24, shows the functional groups present on synthesised
iron oxide nanoparticles. A prominent peak was observed at 580 cm™, assigned to Fe-O
stretching which confirm the formation of iron oxide nanoparticles. According to a method
adapted from (Fatehi et al., 2017), magnetite was obtained Another peak was observed at 3500
cm* associated with O-H (hydroxyl group), which is attributed to water molecules adsorbed

on the surface of the material.
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Figure 24: Fourier transforms infrared FTIR spectrum of iron oxide nanoparticle synthesis

by a co-precipitation method.

(b) Optical Properties: Ultraviolet-visible and photoluminescence spectroscopy

Uv-vis and photoluminescence (PL) spectroscopy were used to study the optical properties of
the synthesized iron oxide nanoparticles. Absorption spectra were recorded in a range of 200-
900 nm at room temperature. Figure 25 shows the Uv-vis spectrum of iron oxide nanoparticles
with absorption band edges of 450 nm indicating a decrease in wavelength that showed a blue
shift from the bulk material which is ascribed to the quantum size effect thus there was a
decrease in particle size. The optical properties of semiconductor nanoparticles are strongly

influenced by their crystallite sizes and shapes (Patel et al., 2007).

The optical band gap energy for the synthesized nanoparticles was determined by using the
Tauc plot relation and was found to be 3.38 eV. This bandgap energy is greater compared to
their bulk material (2.12 eV) (Manikandan et al., 2014). The increase in bandgap energy is
attributed to the decrease in particle size as indicated by the Uv-vis absorption wavelength
since small particles absorbs at a lower wavelength compare to larger particles. Similar results

were obtained by (Peter et.al 2016). The photoluminescence properties were investigated as
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shown in Figure 19 below, with an excitation wavelength of 450 nm. Figure 25b, showed sharp
emission peaks at a wavelength of 460 nm that indicated a redshift from the absorption band

edges and the peak appeared to benarrow signifying that the nanoparticles were monodispersed.
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Figure 25: (a) UV-vis spectrum (b) Taut plot (c) photoluminescence spectrum of iron oxide

nanoparticle synthesised by a co-precipitation method.

(c) X-ray diffraction pattern (XRD) analysis

Powder X-ray diffraction pattern was used to determine the crystalline phase and the purity of

the iron oxide synthesized. Figure 26 showed the relative intensities of the characteristic peak

of iron oxide nanoparticles at 20 = 18.42°, 30.02°, 35.84°, 43.17°, 53.68°, 56.80°, 62.51° and
74.15° corresponding to relative indexes (111), (220), (311), (400), (422), (511), (440) and
(533) plane respectively. The obtained results indicated a face centred cubic iron oxide
nanoparticles that correspond to the magnetite without any impurities by the database standard
(joint committee on Powder diffraction standards, JCPDS file No. 00-019-0629).
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Figure 26: X-ray diffraction Patten of iron oxide nanoparticle synthesised by co-precipitation

method.

(d) Raman spectroscopy data analysis.

Raman spectroscopy was used to provide the structural information of the Fe3O4 nanoparticles.
The spectrum was recorded at a range of 150-1400 cm™. Figure 27 show strong vibrational
modes at 212 cm, 269 cm™ and other bands at 383 cm™, 520 cm™, 695-954 cm™ ascribed to a
Tog(1), EQ, T2g(2), T2¢(3) and Aig respectively. The results were in good agreement with the
literature. According to literature the vibrational mode for magnetite are observed around 193
(T2g (1)), 306 (EQ), 450 (T24 (2)), 538 (T2 (3)) and 668 cm™ (A1g). Similar results were obtained
by Atacan et al., (2017). The A1g bands are relative to the asymmetric stretching of an oxygen
atom to metal ions while the presence of vibrational modes (T2g + Eg + Axg) in the spectra is

attributed to the cubic inverse-spinel structure of the Fe3Oa.
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Figure 27: Raman spectra of iron oxide nanoparticle synthesised by a co-precipitation
method.

(e) Transmission electron microscope (TEM) analysis

To determine the size and shape of the iron oxide nanoparticles, the transmission electron
microscope was used. Figure 28 showed the TEM image and distribution curve of the iron
oxide nanoparticles. The particle size distribution of the synthesised material ranged between

2 nm — 30 nm, with an average diameter of 9 nm. The material showed a mixed morphology

of spherical and hexagonal shape.
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Figure 28: Transmission electron microscope (TEM) of iron nanoparticles synthesized by
co-precipitation.
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3.3.2. Characterization of iron oxide-silica nanofibers using XRD.

The synthesised iron oxide nanoparticles were incorporated with silica sol to form iron oxide
silica nanofibers composite. The powder x-ray diffraction pattern of the iron oxide NP’s and
iron oxide silica nanofibers represented in Figure 29, which showed diffraction peaks of iron
oxide NP’s at 20 = 18.42°, 30.02°, 35.84°, 43.17°, 53.68°, 56.80°, 62.51° and 74.15°
corresponding to (111), (220), (311), (400), (422), (511), (440) and (533) plane respectively.
Figure 5(b) showed the incorporated iron oxide nanoparticles with silica nanofibers, an
amorphous phase diffraction peak was observed at 20 = 25° ascribed to the nature of silica,
which confirms the presence of silica on the material. Two other diffraction peaks were
observed at 20 = 35.84° and 62.51° that are in line with (311) and (440) plane that indicates the
presence of iron oxide nanoparticles in the composite. Although not all the magnetite
diffraction peaks were visible, this might be due to the diffraction peaks (38.22°, 44.13°, 64.84°
and 77.39°) detected from the sample holder which are more intense similar results were
obtained in Figure 14. Comparing the results obtained it shows that in all the samples from
both method 2 and method 3 the sample coverage was poor because the SEM-EDS showed the
presents of both iron and oxygen in both methods. The diffraction peaks from 26 =18° and 30°

were also not visible due to the broad amorphous nature of the silica.
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Figure 29: X-ray diffraction Patten of iron oxide and iron oxide -silica nanofibers.

3.3.3. Effect of loading of iron oxide and EDS analysis.

(a) Effect of loading and SEM-EDS analysis.

Figure 30 shows the scanning electron microscope (SEM) of iron oxide nanoparticles
incorporated with silica nanofibers. Three-dimensional nanofibers were formed when the silica
sol was incorporated with the synthesized iron oxide nanoparticles, the calculated average
diameter of the composite was found to be 188 nm. It was observed that on the surface of the
fibres there were beats and a layer formed between the fibres which may be the nanoparticle

embedded on the fibres or sitting on the surface of the material.
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Figure 30: Scanning electron microscope (SEM) of iron oxide silica nanofibers.

When the iron oxide nanoparticles were incorporated into the spinning solution, they were
partially dissolved as the nanoparticle percentage was increased to 2 wt.% and 5 wt.%, resulting
in the blockage of the solution on the tip of the needle during the electrospinning process, which
lead to only 1 wt.% iron oxide silica NF’s fabricated. At higher the iron oxide concentration
content, the nanoparticles deposited at the centre of the foil, while the PVA/silica gel was
deported around the ground collector and with no fibres formation. When the percentage of the
iron oxide loaded was increased from 1 wt.% to 2 wt.% and 5 wt.% on the silica sol, the solution
becomes more viscous, hence it was very difficult to spin therefore only 1 wt.% was
electrospun. SEM-EDS indicated the presence of the nanoparticles embedded on the silica
nanofibers as presented in Figure 28 and Table 6.

(b) Energy dispersive x-ray spectroscopy (EDS) Analysis

The energy dispersive x-ray spectrum (SEM-EDS) provided information about an element in
the composite. The SEM-EDS spectra in Figure 31 revealed the presences of C, O, Fe, Si and
P elements in the composite suggesting that the iron oxide nanoparticle were incorporated into
the silica nanofibers. The traces of phosphorous (P) element were due to the phosphoric acid
used as a catalyst during the sol-gel preparation. The element percentage is shown in Table 6

below.
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Figure 31: SEM Energy-dispersive X-ray spectroscopy (EDS) of iron oxide silica nanofibers.

Table 6: SEM-EDS atom percentage of the silica nanofibers incorporated with 1 wt.%, 2
wt.% and 5 wt.% iron oxide nanoparticles.

Elements percentage (wt. %)
Catalyst -
C @) Si P Fe | Total
1 wt.% iron oxide silica NF’s 22.84 | 5459 | 19.57 | 0,29 | 2.71 | 100

(c) Fenton catalytic activity studies

Iron oxide nanoparticles and silica nanofibers incorporated with 1 wt.% iron oxide
nanoparticles, were used to investigate the Fenton catalytic activity on MB. Iron oxide NP’s
showed adsorption removal of 30 % with 10 % for 1 wt.% iron oxide silica NF’s. The Fenton
catalytic process increased removal efficiency by 27, 7% and 37 % respectively. Higher
removal was observed on iron oxide nanofibers, indicating that composite improved the
removal efficiency this is ascribed to the synergistic effect of silica nanofibers and iron oxide
composite. The spinning of 2 wt.% and 5 wt.% of iron oxide silica nanofibers was unsuccessful
due to blockage in the needle during electrospinning, this might be due to the magnetic
properties of the material hence preventing them from dissolving in the spinning solution at

high concentrations. Therefore another phase of iron oxide nanoparticles was synthesised.
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Figure 32: Fenton degradation efficiency of iron oxide and iron oxide-silica nanofibers.

(d) Kinetic studies

Figure 33 and 34 show the kinetic studies of pseudo-first-order and second-order Fenton on
Fe304 and 1 wt.% iron oxide silica NF’s. The models described the degradation of Fe3O4 to fit
Pseudo second-order while 1 wt.% iron oxide silica NF’s fit pseudo-first-order due to high
regression correlation (R?), but both materials showed a higher rate (k) on Pseudo second-order
suggesting that the reaction is governed by the formation of hydroxyl radicals in the presence

of a catalyst. Table 7 gives the summarised results as derived from Figures 33and 34.

Table 7: Pseudo kinetic model for degradation of MB with iron oxide silica nanofibers.

Pseudo first order Pseudo second order
Catalysts k (mint) R? k (ppm*min?t) | R?
Iron oxide NP’s -0.0082 0.9705 0.0116 0.9858
1 wt% iron oxide silica NF’s | 0.0052 0.9749 0.00162 0.9635
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Figure 33: Pseudo first-order kinetics of iron oxide and iron oxide -silica nanofibers.
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Figure 34: Pseudo second-order kinetics of iron oxide and iron oxide-silica nanofibers.
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3.4. Iron oxide silica nanofibers prepared using direct incorporation of prepared iron
oxide nanoparticles (Goethite). (Method 3.1)

3.4.1. Distribution and characterization of iron oxide nanoparticles (Goethite) and iron
oxide-silica nanofibers using FTIR, UV-vis, Tauc plot, PL, XRD, Raman and TEM.

(a) Ultraviolet-visible and photoluminescence spectroscopy

The Optical properties of iron oxide nanoparticles were determined by the Uv-vis and PL
spectroscopy is presented in Figure 35. A prominent adsorption peak for iron oxide
nanoparticles appeared at 425 nm with an extrapolated bandgap energy of 1.5 eV from Tauc
plot relation that indicated a blue shift from the bulk material (2.5 eV) (Sherman et al., 2016)
suggesting a blue shift from bulk material due to decrease in particles that is attributed to the
quantum size confinement. Figure 30 ¢ shows the photoluminescence spectra, with an
excitation wavelength of 425 nm with an emission peak at 460 nm that red-shifted from the

adsorption peak due to excitation of electrons.
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Figure 35: (a) UV-vis spectrum (b) Tauc plot (c) photoluminescence spectrum of iron oxide

nanoparticle synthesised by precipitation method (tetraethyl amine).

(b) Fourier-transform infrared spectroscopy of iron oxide nanoparticles

The FTIR spectra of iron oxide in Figure 36 showed functional groups at, 570 cm™, 788 cm™,
888 cm™, 3200 cm™ attributed to Fe-O, N-C, C-H and O-H respectively as presented in Table
8 below. The Fe-O is ascribed to the formation of iron oxide nanoparticles. The observed C-
H and N-C bands are due to the reducing agent tetraethylammonium hydroxide (TEOAH) and
O-H band due to the water absorbed on the surface of the material.
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Figure 36: Fourier transforms infrared (FTIR) of iron oxide nanoparticle synthesised by

precipitation method (tetraethyl amine).

(c) Transmission electron microscope (TEM) analysis

TEM was used to investigate the morphology of the iron oxide nanoparticles. A mixed shape
(rods and hexagonal structure) iron oxide nanoparticles was obtained with particle size
distribution ranging from 10 nm — 100 nm as shown in Figure 37. The nanoparticles were well-

defined with an average particle size of 35 nm.
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Figure 37: Transmission electron microscope (TEM) of iron nanoparticles synthesized by

precipitation method (tetraethyl amine).

(d) X-ray Diffraction (XRD) analysis

The crystalline phase of the synthesized iron oxide nanoparticles was determined by the X-ray
diffraction pattern. Figure 38 show XRD micrograph of iron oxide nanoparticles prepared by
precipitation method using tetraethylammonium hydroxide as a precipitating agent, the peaks
were observed at 20 = 17. 48°, 21.09", 26.44", 33.10°, 35.19", 36.72’, 40.35", 41.71", 53.82’,
57.30° 58.8°, 68.73" and 71.96" relatively indexed to 020, 110, 120, 130, 101, 111, 140, 366,
231,157, 301 and 132 planes assigned to orthorhombic FeOOH according to (JCPDS file No.
01-075-5065) confirming the goethite crystalline phase formation, similar results were
obtained by Singh et al., (2015), with the calculated size of 29 nm.

54



Ref hematite

250 Ref geotite
Iron oxide NP's
200 -
—
=
S 150 -
>
=
n
S 100 -
e
=
o
50
1 'llll Iol lll“n
0- L] I L] I [] I I . [ ] L ‘ [T}
20 30 40 50 60 70 80
20 (degree)

Figure 38: X-ray diffraction Patten of iron oxide nanoparticle synthesised by precipitation
method using tetraethylammonium hydroxide.

3.4.2. Characterization of iron oxide-silica nanofibers using FTIR and XRD.

(a) Fourier transform infrared (FTIR) spectral analysis

The functional groups present on the composite were determined by the FTIR. The spectra in
Figure 39 showed the presences of both the silica and iron oxide cm™ 1100 cm™ and 3200cm
! attributed to Fe-O, Si-O and O-H that indicate the interaction between the support and the
iron oxide. It was observed that as the loading of iron content was increased the Fe-O band
becomes more pronounced due to high concentrations of iron species. O-H band attributed to
some traces of PVA polymer suggesting incomplete decomposition of PVA during the
calcination process.
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Figure 39: Fourier transform infrared (FTIR) spectra of silica nanofibers incorporated with

1%, 2% and 5% iron oxide nanoparticles.

(b) X-ray Diffraction (XRD) analysis

The incorporated iron oxide - silica nanofibers in Figure 40, showed the peaks at 20 = 17.48°,
21.09°, 26.44°, 33.10°, 35.19°, 36.72°, 40.35°, 41.71°, 53.82°, 57.30° 58.8°, 68.73° and 71.96°
relatively indexed to 020, 110, 120, 130, 101, 111, 140, 366, 231,157, 301 and 132 planes
assigned to orthorhombic FeOOH according to (JCPDS file No. 01-075-5065) and an
amorphous phase at 25° attributed to silica. This XRD pattern indicates that the synthesized

material contains both the silica and the mixed phased iron oxide nanoparticles.
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Figure 40: XRD patten of the references goethite, hematite, silica nanofibers incorporated

with 1 wt.%,2 wt.% iron oxide nanoparticles.

3.4.3. Effect of loading iron oxide and EDS analysis.

(a) Effect of loading iron oxide.

As the concentration of iron oxide is increased, a significant change was observed as shown in
SEM image Figure 41, At 1 wt.% loading iron oxide, the fibres were thin with average diameter
spherical particle (90 nm) were observed on the surface of the material. As the concentration
of iron oxide nanoparticle is increased to 2% there was an increased fibres diameter (139 nm)
and particles on the surface increased (902 nm). At 5% iron oxide loading the surface was
covered with agglomerated nanoparticles. This showed that at high concentrations of iron oxide
the solution cannot be electrospun, this has be proven when the spinning solution was
incorporated with magnetite. Hence the only solution with lower iron oxide loading can
electrospun. The SEM-EDX showed the elements present in the composite (O, Si, P and Fe).

Table 9 showed an increase in iron percentage as the loading of iron oxide nanoparticles is
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increased similar trend was observed in Method 1 (see ) this indicates that the SEM-EDS

detects the higher percentage of iron when it is sitting on the surface of the material.
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Figure 41: Scanning electron microscope (SEM) silica nanofibers incorporated with (a) 1

wt.%, (b) 2 wt.%, (c) 5 wt.% iron oxide nanoparticles.

(b) Energy-dispersive X-ray spectroscopic (EDS) Analysis

Figure 42: SEM- EDS analysis of silica nanofibers incorporated with (a) 1 wt.%, (b) 2 wt.%,

(c) 5 wt.% iron oxide nanoparticles.

Table 8: SEM-EDS atom percentage of the silica nanofibers incorporated with 1 wt %, 2

wt.% and 5 wt.% iron oxide nanoparticles.

Elements percentage (wt. %0)
Catalysts .
C @) Al Si P Fe Total
1 wt.% iron oxide silica NF’s 18.78 | 51.87 | 0,00 | 27,57 | 0,65 | 1,18 | 100
2 wt.% iron oxide silica NF’s 21,24 149,47 | 0,00 | 24,89 | 0,99 | 3,42 | 100
5 wt.% iron oxide silica NF’s 17,23 | 48,81 | 0,65 | 25,66 | 0,65 | 7,02 | 100
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(c) Fenton catalytic activity

The change in the MB percentage removal during the Fenton degradation process presented in
Figure 43 showed no significant change in the degradation efficiency between iron oxide
nanoparticles and 1 % iron oxide supported on silica nanofibers, although as the concentration
of iron oxide was increased to 2 wt% the degradation efficiency improved by 7 %. The
catalysts proved to be not so effective due to the large particles formed on the surface of the
material, therefore reducing its effectiveness. The large particles might be formed by the small
particles clustered together hence covering the active sites that negatively affected the catalytic

performance.
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Figure 43: Fenton degradation efficiency of iron oxide and iron oxide-silica nanofibers.

(d) Kinetics studies

Kinetic modelling of MB was carried out by pseudo-first-order (In/Co-C) and pseudo-second-
order 1/ (Co-C) to determine degradation reaction. Based on the linear regression coefficient it
was observed that the reactions were described by the pseudo-first-order, R? = 0.9696, 0.881
and 0.9522 with the highest rate constant k= 0.0318, 0.0049 and 0.0045 respectively for MB
adsorption as shown in Table 10. This can be associated with the interaction on the surface

between the catalysts and the pollutant.

59



Table 9: Pseudo kinetic model for degradation of MB with iron oxide silica nanofibers.

Pseudo first order Pseudo second order
Catalysts k (min?) R? k ppm?i(mint) | R?
Iron oxide nanoparticles 0.0318 0.9696 0.0107 0.9673
1 wt% iron oxide- SiO2 NE’s | 0.0049 0.881 0.0006 0.8527
2 wt% iron oxide- SiO2 NF’s | 0.0045 0.9522 0.0005 0.9664

4.65

45 1
4,55 4
45 4 y =-0.0045x + 4.5519
T 4.45 - R2=0.9522
= 44 - y =-0.0032x + 4.501
£ 4.35 A Rz =0.9696
4_42'2 ] y = -0.0049x +4.5861
4.2 - R2=0.881
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Figure 44: Pseudo first-order kinetics of iron oxide and iron oxide -silica nanofibers.
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Figure 45: Pseudo second order kinetics of iron oxide and iron oxide-silica nanofibers.
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3.6. Leaching test

Leaching in iron oxide-based heterogeneous catalysts. This is known to be a major problem
during degradation. The deactivation of the metal irons leads to homogenous catalytic
behaviour thus resulting in water pollution, hence leading to another environmental problem.
This is mainly caused by the formation of carboxylic acid intermediates during the degradation
process such as citrate, tartrate and oxalate (Benhamounda et al., 2018). Thus these
intermediates act as ligands and react with Fe ions and form complexes (Ammar et al., 2001).
Therefore the degree of leaching test was done to evaluate the iron content after degradation.
According to the world health organisation (WHO), the limit of Fe metal required in water is
0.3 ppm (Musa et al., 2013).

Figure 44 and 45 present the concentration of iron leached. The leaching degree test was
performed after the Fenton degradation process. The concentration of iron leached for the
nanoparticle prepared in method 3 found to be 1.28 ppm for magnetite and 1.68 ppm (goethite)
that exceed the WHO limit. On the supported catalysts prepared in method 1 (M1), method 2
(M2) and method 3 (M3) and (M3, 1) the leaching degree in M1 was very high due to iron
oxide sitting on the surface of the support, in M2 and M3 the iron was introduced in the
spinning solution that might have allowed the iron to interact with the silica hence the iron
oxide was both on the surface and also embedded on the fibres, therefore, lowering the leaching
degree, but in M4 the nanoparticle was sitting on the surface as shown in the SEM images in
Section 4.4.7.1 and resulted in a high degree of leaching. The obtained results were 3.95 ppm,
0.05 ppm, 0.089 and 1.33 ppm for M1, M2, M3 and M3.1 respectively. Their leaching test for
the method (M2) and method (M3) catalysts was within the limit of world health organisation
(WHO). The degree of leaching for the unsupported nanoparticles was higher than the
supported catalysts, this suggests the support reduces the leaching. The low leaching degree in
method 2 suggested that there was a good interaction between the iron oxide and the support

material.
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Figure 46: Leaching of Fe in iron oxide nanoparticles catalysts.
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CHAPTER 4

4. CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

The preparation of the catalyst using the three different methods showed different behaviour
towards the degradation of methylene blue. The various methods resulted in different
interaction of the silica nanofibers with the iron oxide. The FTIR spectra showed the presences
of both the silica and iron oxide in the catalyst. While the optimum voltage for all methods was
found to be 20 kV. The XRD analysis for iron oxide silica nanofibers using direct incorporation
of prepared iron oxide nanoparticles (magnetite) (method 3) direct incorporation of prepared
iron oxide nanoparticles (goethite) (method 3.1) also confirmed the presences of iron oxide,
but for method 1 and method 2 the crystalline size of the iron oxide may have been less than 5
nm hence couldn’t be detected by XRD. Furthermore, the SEM results showed that the loading
of the iron oxide on method 1, 2, 3 and 3.1 had an influenced on the surface and size of the
nanofibers. The loading showed an increase in fibres diameter with an increase in iron content

with the diameter and the surface became rougher.

The catalyst prepared in method showed an increase in catalytic performance with an increase
in iron concentration, however, the silica nanofibers alone showed high adsorption capacity.
The catalysts prepared in method 2 were more active then catalyst prepared by method 1,
method 3 and method 3.1. The catalysts prepared by direct addition of iron precursor into the
spinnable sol-gel solution and converted to the iron oxide by calcination process had high
catalytic activity, this can be explained by the interaction between the iron oxide and the
support material leading to a higher dispersion of the iron oxide that created more active
catalytic sites. The support played a role in the methylene blue removal by adsorbing the dye
and dispersing the iron oxide. Therefore it can be concluded the catalyst prepared by direct
addition of iron precursor into the spinnable solution was more active due to the synergistic

effect of both the metal oxide and the support material.

Furthermore, the catalyst prepared by incorporation of iron oxide nanoparticle in method 3 also
had similar behaviour in the interaction between iron oxide and silica, the nanoparticles were
added in the spinnable solution. The catalytic activity of silica nanofibers incorporated with 1
wt.% of iron oxide nanoparticles (magnetite) had a promising activity of 53.7 %, but due to the

non-spinnability when the iron content is increased to 2 wt% and 5 wt%, resulting in blockage
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on tip of the needle the catalytic activity couldn’t be monitored. Hence the goethite was
introduced in method 3.1. The nanoparticles were agglomerated on the surface of the support

and affected the catalytic activity negatively.

The leaching tests proved that the nanoparticles leach more when they are not supported
whereas when the iron is supported the degree of leaching decreases. This may indicate that
metal oxide support interaction is beneficial to decrease leaching. For method 1 and method
3.1, the leaching test was high due to the iron oxide sitting on the support hence being exposed
to the intermediates, which deactivate the iron oxide. The leaching degree for Method 2 was
low and was within the specification of the world health organization (WHO). The metal oxide
support interaction is expected to be the highest for this method, explaining the low leaching

observed.

4.2. Recommendations

The amount of the catalyst that was used for the Fenton degradation process was low. It is
therefore recommended that the mass of the catalyst be increased to achieve a higher rate of
reaction and a higher percentage removal. The degradation Fenton reaction should conduct at
least 2 hours to determine if a higher percentage of degradation can be achieved. The silica
nanofibers showed higher adoption capacity therefore it can be recommended that the material
be applied in adsorption studies. Since the catalytic activity increase with an increase in iron
content in the catalysts, it also is recommended that higher iron content in the catalysts should
be investigated. Furthermore, the leaching studies can be done using the oxalic acid to compare
the leaching degree to test the catalysts at the same conditions since the different catalytic
activities leading to different concentrations of acidic intermediates would lead to different

leaching.
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Appendix A

The average crystalline size of the iron oxide nanoparticles was calculated using the Scherer
equation (Smith et al., 2018)

Dp = kA
pcosO
Whereby the
Dp - the average size of particles domain
K — Scherer constant 0.89
A- X-ray wavelength of 1.5408nm.
B - peak full width at maximum (FWHM) 1.16
O — is broad diffraction angle (35.46)
(0.89)(1.5408 nm)

1.16 cos(35.46)

=8nm
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Appendix B

Degradation of MB
Dilution factor given as = C1xV1 = C2xV2
= (0.248mg/L)x(0.1L) = C2(0.001L)
C2 =248mg/L

The percentage removal is given as:

Ci—Cf

l

% removal = * 100

Ci = initial degradation concentration

Cf = final degradation concentration

% —248mg/L)

(100 mg/L)

(100

=752%
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Appendix C

Reaction kinetics Integrated rate laws (McMurry et al., 2015)

If the concentration of a reactant remains constant because it is in great excess with respect to

the other reactant, its concentration can be included in the rate constant to simplify the rate

equation, obtaining pseudo-first-order or pseudo-second-order rate equation. For example,

during the Fenton reaction [H202] + [MB] — [H20] + [CO;] the rate for this reaction is given

by: rate=k[MB]x [H202] y . The H20: has a high concentration compared to MB such that its

consumption is insignificant. Therefore, it can be assumed that the concentration of the H.O>

remains constant throughout the reaction. The rate can be assumed to be rate=kabs [MB]x. The

order of the reaction can be determined by performing some experiments (McMurry et al.,

2015)

Determination of rate laws
Pseudo-first-order
Given by: Ln[MB]

—d[MB]
dt

~d[MB] _
—a = j k[MB]

I
J

= k[MB]

In[MB] — In[MB] = —k(t — 0)
In[MB] — In[MB] = —kt
In[MB] = —kt + —In[MB]

Thereforey = mx + ¢
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Psuedo Second order
) 1
Givenby —
MB

Rate = kK[MB]?

[MB], [MB],
11

[MB], [MB],
LS.

[MB], [MB],
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Appendix D

During the first 60 min of degradation, it was observed that the reaction has not reached its
equilibrium, therefore, the experiment for the catalyst that had a higher degradation efficiency
was extended to 120 min to evaluate the degradation efficiency after the first 60 min. It was

observed that with time the catalyst had a complete degradation and the kinetics best-fitted

pseudo-first-order.
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Figure 48: Fenton degradation efficiency of 5 wt.% iron oxide-silica nanofibers (M2) after

120 min.
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Figure 49: Pseudo first-order kinetics 5 wt.% iron oxide-silica nanofibers (M2) after 120

min.
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Figure 50: Pseudo second order kinetics 5 wt.% iron oxide-silica nanofibers (M2) after 120

min.
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