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Anatase TiO has attracted a lot of attention due to its applications as a photocatalyst
in water and air treatment technologies. However, its large band gap energy (~3.2 e¢V)
limits its application only to UV light. Also, anatase TiO. suffers from high electron/hole
recombination, which diminishes its photocatalytic activity. Therefore, different methods
have been employed to decrease its band gap energy and reduce the recombination of the
charge carriers. One of the methods is to incorporate impurities as dopants in its crystal
lattice. Different metal and non-metal dopants have been studied for this aim. Among the

different choices, Fe*" has showed a great potential to improve the photocatalytic activity



of TiO, under visible light irradiation. Firstly, the d orbitals of Fe3* interact with the 3d
orbitals of Ti** generating intermediate band gap energy levels to facilitate excitation of
electrons under visible light by a red shift in the absorption of light. Secondly, Fe3* can
interact with both electrons and holes to produce Fe?* and Fe** trapping the charge carriers
and reducing their recombination rate. Fe?* and Fe** can release the electron and hole and
revert back to the Fe3*. The released charge carriers migrate to the surface of the
nanoparticles to initiate the photocatalytic reactions. However, it was found that the
photocatalytic activity of Fe-TiOz is not as high as expected. Therefore, in this research
study | investigated the cause for its low photocatalytic activity and found methods to
improve it. The Fe-TiO2 was synthesized using a facile sol-gel method and its structure and
properties were characterized by different instrumental techniques. Using TEM and
HRTEM an amorphous layer was seen on the surface of the nanoparticles. This layer
characterized using XPS and EDX was composed of iron oxide layers. This layer was
contaminating the surface of the nanoparticles where the photocatalytic reactions take
place. Moreover, the contamination layer was acting as a recombination center for the
electrons and holes. To the best of our knowledge, no previous study was conducted to
investigate the effect of an iron oxide contamination layer on the photocatalytic activity of
Fe-TiO2 nanoparticles. This layer was removed using a concentrated HCI solution
confirmed using HRTEM and XPS. Also, using DRS it was shown that its removal does
not effect the optical properties of the Fe-TiO> confirming that the acid treatment process
did not influence the doped Fe*" in the TiO, crystal lattice. The degradation of methelyne
orange (MO), a representative pollutant, was increased from 25% to 98% under visible

light irradiation. Also, in order to achieve the highest performance of the photocatalyst, it



was necessary to study the parameters of the photocatalytic activity and the degradation
efficiency. Therefore, experiments using a phenol solution, another representative
pollutant, were conducted to investigate and optimize the effects of the catalyst load,
reaction time, initial concentrating of the pollutant and pH. The degradation efficiency of
the phenol solution was found to increase from 31% to 57% by the removal of the

contamination layer and by controlling the pH of the solution.
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Chapter 1 Introduction

1.1 Research Motivation

Limited access to fresh water is a challenge for many people around the world due to
the rapid growth in the population. Also, pollution from sewage, agricultural activities and
industrial waste have increased the need for seeking effective methods to treat their
wastewater. Numerous technologies including physical, biological and chemical methods
have been employed to remove contamination from wastewater. Physical methods such as
sedimentation, filtration and adsorption employ physical methods to remove the pollution
from the waste water [1-3]. Chemical treatments such as the chlorination, coagulation and
ion exchange methods accomplish pollution removal using a chemical process [4-6]. The
biochemical methods use microorganisms to decompose organic materials into more stable
end products [7, 8]. Biological methods require large operational area. The chemical
methods introduce toxic chemicals into the water. None of these methods of cleaning
wastewater are able to remove the contamination completely [9]. Hence, the conventional
methods are usually a combination of the biological and chemical cleaning methods [10].
On the other hand, Advanced Oxidation Processes (AOPSs) have proven their potential to
completely degrade chemically stable pollutant compounds [11]. There are several AOP
methods such as the fenton reactions [12, 13], ozonation [14], plasma oxidation [15, 16],
UV/H20, [17, 18] and photocatalytic reactions [19-21]. These methods rely on the
generation of hydroxyl radicals (*OH) that are strong oxidizing agents having a redox
potential of 2.8 V [22], the strongest of the oxidizing radicals, having the potential to
completely degrade the organic matter in the wastewater to produce water and carbon

dioxide (COy) as the end products [23].



Among different AOP methods, photocatalytic reactions have been studied vastly since
they have shown a very good capability to degrade organic pollution. The photocatalytic
reactions utilize the metal oxide semiconductors such as ZnO [24], CdS [25], WOs [26]
and TiO2 [27]. TiO2 has been studied widely owing to its high photocatalytic activity,
chemical inertness, non-toxicity and low cost. The crystal form of anatase TiO> possesses
a large band gap of 3.2 eV, which provides sufficient energy for generating electron/hole
pairs that participate in redox reactions by producing hydroxyl radicals [28]. Irradiation by
a photon of higher energy than the band gap can excite the electrons from the valence band
to the conduction band to generate conduction band electrons and valence band holes [29].
The problem with titania’s large band gap is that the electron excitation from the valence
band to conduction band can occur only under UV irradiation, which has a higher energy
than the 3.2 eV band gap. This limits the application of TiO> to the UV light region. Since
only 4-5% of the sunlight reaching the earth contains UV light, it is inefficient in utilizing
TiO2 under sunlight irradiation [23]. Another challenge in using TiO as a photocatalyst is
the high number of electron/hole recombination, which has an adverse effect on its
photocatalytic activity [30]. These problems can be solved by adding transition metal
impurities as dopants into the crystal structure of TiO2 [21] to introduce intermediate
energy levels to the band gap of TiO2 causing a red shift in the light absorption towards
longer wavelengths [31, 32]. In addition, the metal dopants can trap electrons and/or holes
increasing the life time of the charge carriers that decreases their recombination. Among
the different metal dopant options Fe3* is an excellent choice because the interaction of the
d orbitals of Fe*" with the d orbitals of Ti*" causes the intermediate energy levels to

decrease the band gap. Fe®* also reacts with both the electrons and holes forming Fe?* and



Fe** ionic states trapping the charge carriers, which leads to an increase in their life time.
Hence, doping Fe®" into the crystal lattice of TiO, makes it possible to activate the catalyst
under visible light irradiation and also increases the photocatalytic activity by charge
carrier trapping. The photocatalytic activity of Fe doped TiO. (Fe-TiO2) can be measured
by its degradation of a representative pollutant in the water. However, Fe-TiO2 has not
shown the expected efficiency even though it was considered to be one of the most suitable
dopants according to the literature review. Previous works showed that its degradation
efficiency (DE) was not as high as expected.

In this research thesis study, the optimum synthesis conditions of the Fe-TiO-
nanoparticles including the amount of the dopant content and the pH of the solution were
investigated. Different instrumental analysis methods were employed to characterize the
catalyst nanoparticles. Also, the low photocatalytic activity of the catalyst was investigated
in order to increase its photocatalytic activity. Moreover, the photocatalytic activity was
measured using two different pollutants, methyl orange (MO) and phenol. The degradation
efficiency (DE) of the catalyst particles was measured and different influential parameters

on their efficiency were studied to find the optimum operational conditions.
1.2 Dissertation outline

The first chapter of the dissertation describes the motivation of the research as a very
brief introduction providing the background of the research.

The second chapter is a brief introduction and reviews the TiO, crystal structures,
properties and synthesis, electron/hole generation and the challenges in using TiOg,
transition metals as dopants. Finally, the photocatalytic activity and kinetics studies of the

pollutant degradation is presented.



Chapter 3 is a peer-reviewed published journal paper [33], which introduces a sol-gel
method to synthesize the Fe-TiO> photocatalyst for wastewater treatment under visible
light irradiation, its characterization using different instrumental techniques and the
challenges and problems influencing its photocatalytic activity. Then, an acid treatment
method is introduced to enhance the photocatalytic activity of the synthesized
photocatalysts under visible light and its DE was measured using MO as the pollutant.

Chapter 4 is a submitted journal manuscript for peer review that presents the practical
uses of the synthesized photocatalysts. It investigates the influential parameters that affect
the photocatalytic activity in detail. Also, using the Kinetics of the reaction, the optimum
conditions for degradation of phenol as the pollutant are introduced.

Chapter 5 summarizes the main results and contributions and suggests the possible

future work.
1.3 Research Contributions

The main objectives of this research work were first to produce and develop an
efficient, low cost, affordable photocatalyst using iron doped titania, and to improve and
increase its photocatalytic activity under visible light irradiation and second to find the
optimum reaction conditions for its practical applications. The main contributions of the
current dissertation are summarized as follows:

1. Producing iron doped TiO2 photocatalyst using a very facile and simple sol-gel

method. Sol-gel is one of the most inexpensive and easiest to scale up processes to
synthesize nano TiO; crystals. The nanoparticles were prepared using this method

without adding any surfactants.



2.

Investigate the reason behind the low photocatalytic activity of iron doped TiO:
naoparticles under visible light irradiation using different characterization
techniques such as HRTEM and XPS. It was found that an iron oxide layer was
contaminating the surface of the nanoparticles reducing their photocatalytic
activity.

Adding an acid treatment step to the conventional synthesis process of the iron
doped TiO. nanoparticles to remove the contamination layer from the surface of
the nanoparticles using a concentrated HCI solution. The removal was confirmed
using HRTEM and XPS.

Conducting photocatalytic experiments and kinetic study to obtain the optimum
reaction condition for the practical use of the prepared photocatalyst. Different
experiments were conducted to obtain the influence of different parameters such as

catalyst load, reaction time, initial concentration of pollutant and pH.



Chapter 2 Literature review

This chapter introduces and explains TiO, its photocatalytic reactions and their

mechanisms and the Fe doping concept of TiO».
2.1 Titanium Dioxide (TiO2): Structures and properties

TiO2 is a semiconductor, which is used by industry as a paint additive, pigment and
cosmetic products such as sunscreens. TiO: is inexpensive, chemically stable and
environmental friendly. Moreover, it has an excellent charge transport ability making it a
very good candidate as a photocatalyst [34, 35]. TiO> has three distinct crystal polymorphs
of anatase, rutile and brookite; Table 2.1 summarizes the characteristics of these three
phases. The crystal structure of both anatase and rutile is tetragonal where each Ti atom is
coordinated with six O atoms and each O atom is coordinated with three Ti atoms. Four of
the Ti—O bonds have the same length and the two other bonds are greater than the other
four. Brookite has an orthorhombic structure where there are six different Ti—O bonds of

different lengths [36].



Table 2.1. Crystal structure and properties of TiO>

Properties rutile anatase brookite
Crystal structure tetragonal tetragonal orthorhombic
a=b= a=b= a=9.184,
Lattice constants (A°) 4.593, 3.784, b=5.447
c =2.9587 €c=9.515 c=5.145
Density (g.cm™) 413 3.79 3.99
Ti-O bond length (A°) 1.949 (4) 1.937 (4) 1.87~2.04
1.980 (2) 1.965 (2)

Different methods have been reported for TiO2 synthesis such as chemical vapor
deposition [37], direct oxidation method [38], ultrasonic irradiation [39], solvothermal
[40], hydrothermal and sol-gel. The sol-gel method has attracted a lot of interest due to its
simplicity and low cost even though the catalyst synthesized can be highly pure [41]. Many
other catalysts have also been synthesized using the sol-gel method such as ZrO» [42],
SrTiOz [43], ZnO [44], WO3 [45] and TiO.. This method is based on the polymerization
of inorganic chemicals in the solution, which includes four steps: 1) hydrolysis 2)
polycondensation 3) drying and 4) thermal decomposition [46]. During the hydrolysis and
polycondensation, M—OH-M and M—O-M bonds are formed, which eventually produce
oxides or hydroxides. The hydrolysis reactions are as follows:

Ti(OR), + H,0 - TiOH(OR),_1 + ROH Equation 2.1

TiOH(OR),_1 + H,0 - Ti(OH),(OR),,_, + ROH Equation 2.2



These reactions continue to produce Ti(OH),. The polycondensation reactions are as

follows [41]:
—Ti—OH+ HO —-Ti—- -Ti—0—Ti—+H,0 Equation 2.3
—Ti—OR+HO—-Ti—- -Ti—0—-Ti—+ROH Equation 2.4

To slow down the hydrolysis step, resulting into finer crystal size, ethanol and acid are
added as well. Different parameters such as the ratio of the reactants, pH, reaction time and
temperature affect the morphology of the nanoparticles [47]. The initial sol-gel method was
a single step process in which water was added to the titanium alkoxide solution [48]. This
led to a non-uniform and big particle with low surface area. A two step process is now used
where the titanium alkoxide precursor is dissolved in an alcohol solution and the water is
added to this solution drop wise [49]. The catalyst synthesized using the two step process
has a uniform morphology with a controlled particle size distribution. It is conventional to
use different additives in the sol-gel method to control the shape of the particles. Eiden-
Assmann controlled the size distribution by adding salt and polymer solutions to the
process. They used alkali halides such as LiCl, NaCl, KCI, CsCl, KBr, KI, diblock-
copolymers Lutensol (RO(CH.CH20)xH) and triblock-copolymers Pluronic (PEOn—
PPOmM-PEON) ) copolymers [50]. The water molecules can be trapped by hydrogen bonds
among the organic chains, which leads to micropores in the TiO> gel structure. Calcination
causes the water molecules to escape from the structure however this step would lead to
agglomeration of particles and consequently a reduction in the surface area [41]. By
controlling the temperature of the sol-gel method, one can control the structure, crystallite
size, and specific surface area. The phase transformation of anatase to rutile is reported to
occur at about 600 °C however the transition temperature is reported between 400-1200 °C

8



due to the different influential variables such as impurities, morphology, sample
preparation method, etc. [51, 52]. The changes in crystallite size and specific surface area
based upon the change in the calcination temperature are presented in Table 2.2 [53]. It
should be noted that the grain size of the rutile is significantly larger than that of the anatase
due to the fact that the transition from anatase to rutile occurs with grain growth resulting
in larger crystals. Hence, anatase has a larger specific surface area compared to the rutile

because of its smaller crystallite size.



Table 2.2. Crystallite size (nm) and specific surface area for TiO> particles calcined at

various temperatures.

Calcined temperature Crystallite size Specific surface area
(°C) (nm) (m?/g)
anatase rutile

250 6.8 - 145.8

300 7.3 - 120.1

400 8.9 - 106.9

500 11.3 - 100.7

600 15.1 20.5 64.88

700 17.4 20.5 26.85

900 - 22.7 -

2.2 Photocatalyst, band gap and electron/hole generation

Semiconductors (in our case TiO2) have a valence band as the highest unoccupied
energy band and a conduction band as the lowest occupied energy band. The energy
difference between the valence band and the conduction band is called the band gap energy.
Photons of light with higher energy than the band gap energy can be absorbed by the
photocatalyst. This leads to the excitation of the electrons from the valence band of the
semiconductor to the conduction band. As a result, the energy-rich electrons (e”) and holes
(h*) are generated in the conduction and valence bands, respectively [54]. The energy of

these photo-generated charge carriers can be used electrically such as for solar cells or
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chemically such as for photochemical catalysis. In the case of photocatalytic applications,
the charge carriers migrate to the surface and initiate the photocatalytic reactions. The
electrons in the conduction band react with the oxygen molecules and produce superoxides
(O2*) and on the other side the holes in the valence band react with the water molecules
and produce hydroxyl radicals (HO®). Figure 2.1 illustrates the excitation of the electrons
upon absorption of ultraviolet (UV) photons. As mentioned, the energy of the absorbed

photon must be greater than the band gap energy of the material (in this case 3.2 eV).

O,

light

H,0

"OH

Figure 2.1. The schematic of the conduction band (C.B) and valence band (V.B) in
anatase TiOz, generation of electrons and holes and their reaction with adsorbed oxygen

and water molecules to generate superoxide and hydroxyl radicals.

The generated radicals are the species with a free unpaired electron and are the product
of the reaction of the adsorbed molecules such as O2 or H>O with the charge carriers. The

electrons and holes can either recombine or migrate to the surface and initiate the radical
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generation. The following equations summarize different reactions occurring from the
moment that the photon is absorbed by the titania until the carriers reach to the catalyst

surface and start the photocatalytic reactions [21, 23]:

TiO, + h9 > e~ +h?* Equation 2.5
h* + H,0 - HO® + H* Equation 2.6
0, +e” - 03" Equation 2.7
03" +H" > HO; Equation 2.8
HO3 + H* + e~ - H,0, Equation 2.9
H,0, + e~ - HO®* + HO™ Equation 2.10
HO™ +h* - HO® Equation 2.11
HO® + organic pollution — intermidistes - C0, + H,0 Equation 2.12

It should be mentioned that water molecules are crucial for the generation of hydroxyl

radicals.
2.3 Transition metals as dopants

As described, TiO- is a great candidate for photocatalytic reactions. However, there are
some problems using it in photocatalytic reactions. They include a) the electron/hole
recombination rate is high, which results into lower photocatalytic activity since the
electrons and holes do not have enough time to migrate to the surface and initiate the
photocatalytic reactions, b) the large band gap energy of anatase TiO2 limits its

photocatalytic applications only to UV light irradiation [21, 55-57]. The UV light is
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expensive and requires high safety precautions, whereas, activation under visible light will
provide the opportunity to use solar light as the free source of energy.

It has been reported that introducing metals as the dopants into the crystal lattice of
titania can trap both electrons and holes temporarily and hence reduce the electron/hole
recombination and cause an increase in the photocatalytic activity [58, 59]. Meanwhile, the
interaction of the d orbital of the metal dopant and 3d orbital of Ti introduces intra-band
gap states, which leads to a red shift towards longer wavelengths in the light absorption
[21, 60]. Different transition metals have been used as dopants to modify the band gap
energy and electron/hole recombination rate of titania [61]. Cr®" acts as a trap for holes to
increase the lifetime of the charge carriers. The trapped holes in Cr** migrate to the surface
and generate hydroxyl radical through the reaction with hydroxyl groups as follows [62]:

Cr3t + ht - Crtt Equation 2.13
Cr*t + HO™ - Cr3* + HO® Equation 2.14

It has been reported that Tungsten (W) introduces two unoccupied states and Vanadium
(V) introduces a single occupied state below the conduction band. Hence, W can decrease
the recombination rate more than V since the electrons require more processes to
recombine with the holes. Mn** and Mn** possess both occupied and unoccupied states and
trap both electrons and holes in their intermediate band gap region. However, since the
electrons and holes are trapped on the same sites, the Mn ion increases the electron/hole
recombination rate. The occupied states of the Cu* and Cu?* are positioned close to the
valence band enabling the Cu ions to trap holes [63]. Fe** has a very similar ionic radius
to Ti** and can substitute for Ti** in the crystal lattice of TiO2 [64]. Fe3* reduces the
electron/hole recombination rate significantly since it can trap both electrons and holes.
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More importantly, the occupied states of Ti**/Fe®** are positioned 0.5-0.8 eV above the
valence bond and the unoccupied states are positioned 0.7 eV below the conduction band.
This suggests that the electron/hole separation using Fe* can occur effectively resulting to
a higher lifetime of the charge carriers [65]. On the other hand, Fe?* and Fe** are less stable
than Fe** and based upon the crystal field theory by gaining or losing an electron would
eventually return to the Fe®* state. Therefore, the electron and hole will be released enabling
it to migrate to the surface of the catalyst [59, 66]. The mechanism of electron/hole trapping

and their passing to the surface to generate radicals are described as follows [21]:

TiO, +h9 > e +h* Equation 2.15
Fe3* + ht - Fe** Equation 2.16
Fe3t + e~ > Fe?* Equation 2.17
Fe?* + 0, » Fe3* + 05~ Equation 2.18
Fe?* + Ti*t - Fe3t + Ti3* Equation 2.19
Ti3* + 0, » Ti** + 03~ Equation 2.20
Fe*t + e~ > Fe3* Equation 2.21
Fe** + HO™ - Fe3* + HO® Equation 2.22

Figure 2.2 illustrates the intermediate band gaps, which are formed by the interaction
of the d orbitals of Fe and 3d orbitals of Ti making it possible to absorb photons with less

energy than 3.2 eV. These trapped electrons and holes migrate to the surface of the catalyst
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to react with the adsorbed oxygen and water molecules to generate the superoxide and

hydroxyl radicals.

O,
Fe3*+e-——Fe?*

RN 0,*

Visible |(—, [
light
H,O
Fe3*+h*——Fe*

*OH

Figure 2.2. Schematic of Fe-TiO and electron/hole traps for charge separation. The trapped

electrons and holes are released to generate superoxide and hydroxyl radicals.

2.4 Photocatalysis, photocatalytic activity and kinetics study

The photosensitization of TiO. was first discovered by K. Honda and A. Fujishima in
1972. They found when using TiO- as a photoanode the electrolysis of water into hydrogen
and oxygen under UV light irradiation occurred at a lower bias voltage [67]. Later in 1977,
G. N. Schrauzer and T. D. Guth reported the photocatalytic decomposition of water using
a powder of TiO; assisted with small amounts of Pt or Rh [68]. Then, the idea was
developed that the generated electrons migrate to the Pt metal where they initiate the

reduction reactions and the holes stay in TiO2 and migrate to the surface and induce the
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oxidation reactions [69]. The photo-generated charge carriers (electrons and holes) play a
critical role in photo degradation of organic pollutants. The degradation of organics takes
place by hydroxyl radicals (HO®), holes (h*), superoxide ions (O2°*") and hydroperoxyl
radical (HOO?®), which oxidize a large variety of organic compounds [70]. Hence, one of
the methods to measure the photocatalytic activity is to measure the degradation of organic
pollutants in water. In this case, a known amount of pollutant is added to water and the
concentration of the pollution before and after the treatment process is measured. The

percent DE (X%) is usually obtained as follows:

Co—Cc

X% = x 100 Equation 2.23

(0]

where Co and C. are the initial and final concentrations of the pollutant, respectively.
The kinetics of the heterogeneous photocatalytic degradation usually follows the
Langmuir-Henshelwood model as follows:

dC _ kKC

dt  1+KC

Equation 2.24

where r represents the rate of the degradation reaction, C is the concentration of the
pollutant, t is the reaction time, K is the rate constant of the reaction and K is the adsorption
coefficient of the pollutant. If the concentration of the pollutant is extremely low, the above
equation can be simplified to:

lnCO

= kKt = K,

appt Equation 2.25

where Kapp is the apparent first order rate constant, which can be obtained by plotting

InCo/C vs t [70].
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2.5 Contamination sources: methyl orange and phenol

A large volume of dyes is consumed in the textile industry for wet processing of
textiles. The existence of a very low amounts of dye in effluent is highly visible. More than
7 x 10° tons of 100,000 different types of dyes are being produced annually. Most of the
dyes are very difficult to decompose due to their complex structure. Different types of dyes
include acidic, basic, azo, diazo, metal complex dyes, etc. Aerobic methods do not treat
and decompose the textile dye effluents in the municipal sewerage systems [71]. Azo dyes
are the most common type of dyes in the textile, food, paper, printing and cosmetic
industries [72]. Therefore, one of the pollutant representatives chosen for this research was
methyl orange, which is an azo type of dye. The chemical structure of methyl orange is

shown in Figure 2.3 [73]:

(CH;),N N—N SO;"Na

Figure 2.3. Structural formula of methyl orange.

The other pollutant used in the degradation experiments was phenol. Phenol
(hydroxybenzene) is a crystalline, colorless material with a special odor. It is soluble both
in water and organic solvents. Phenol is a toxic chemical as stated in the List of Priority
Pollutants by the US Environmental Protection Agency (US EPA). Phenol is used in
numerous industries such as oil, coal, metallurgic, petrochemical, chemical,
pharmaceutical, pulp and paper [74, 75]. Due to the low biodegradability of these
compounds, the conventional biological degradation processes are not efficient in

removing them from the effluent. Therefore, AOP methods as a very efficient alternative
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are promising for the reduction or complete mineralization of these toxic organic

compounds [76]. The chemical structure of phenol is shown in Figure 2.4 [74]:

OH

Figure 2.4. Structural formula of phenol compound
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Chapter 3 Significant  improvement in  visible light
photocatalytic activity of Fe doped TiO2using an acid treatment

[Process

This paper was published at Journal of applied surface science [33].

Vahid Moradi, Martin B.G. Jun , Arthur Blackburn and Rodney A. Herring

ABSTRACT

Transition metal dopants have been used to decrease the band gap energy of TiO2 for
visible light photocatalytic purposes. Fe*" is a good dopant candidate owing to its capability
to decrease the band gap energy and enhance the electron/hole trapping. However, in
previous studies the photocatalytic activity of Fe-TiO, was around 40-50% for a reaction
time of ~300 min. Herein, using HRTEM it was found out that the photocatalytic activity
of Fe-TiO> is limited by an amorphous contamination layer on the surface of the Fe-TiO»
nanoparticles. The contamination layer was determined to be composed of iron oxide by
XPS surface analysis. The contamination layer was successfully removed using an acid
treatment process comprising of HCI solution. Using the cleaned Fe-TiO; nanoparticles,
the photocatalytic activity measured utilizing a solution of 20 mg.L! methyl orange (MO)
was significantly increased from 24% to 98% within 60 min of reaction time under visible

light illumination.

KEYWORDS: Fe doping, transition metal, TiO2 photocatalyst, visible light, acid

treatment
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3.1 Introduction

Anatase titanium oxide (TiO>) has been widely studied for the past few decades for its
photocatalytic applications such as water purification, water splitting and solar cells due to
its low cost, high chemical stability and excellent charge transport ability [34, 59, 77-80].
However, because of its large band gap energy (~3.2 eV), it performs poorly as a
photocatalyst under visible light, which limits its applications [81-83]. Doping TiO> with
transition metal ions can improve its photocatalytic activity under visible light illumination
[31, 84-87]. Firstly, it is believed that the interaction of the 3d orbital of Ti and the d orbital
of a transition metal introduces an intra-band gap state that causes a decrease in the band
gap energy, which leads to a red shift (longer wavelengths) in absorption of a photon [31,
32, 88-91]. Secondly, metal dopants incorporated into the crystal lattice of TiO> inhibit
electron/hole recombination, which, due to the effective separation of the charge carriers,
enhances the photocatalytic activity [30, 31, 92, 93]. Metal dopants trap both electrons and
holes, leading to the increased life time of the charge carriers, which enhances their chance
to reach the catalyst’s surface to initiate the photocatalytic reactions [94, 95]. Fe** has been
reported as a suitable dopant for TiO, because the radius of Fe** (0.645 A’) is very close to
that of Ti*' (0.604 A") [64]. Moreover, it has been reported that among the transition metals,
Fe*" can inhibit electron/hole recombination the best by trapping both the photo-generated
electrons and holes creating Fe?* and Fe*', respectively, to enhance the photocatalytic
efficiency [92, 96]. Many studies have been conducted to investigate the role of Fe** as the
dopant of TiO2 (Fe-TiOz) on its photocatalytic activity under visible light illumination

using organic dyes. Table 3.1 shows the studies conducted on the degradation efficiency
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of Fe-TiO; nanoparticles using MO solution as a pollutant model without utilizing any

oxidant such as H>O».
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Table 3.1. Photocatalytic activity of Fe-TiO2 on the degradation of MO under visible light

illumination.
Catalyst MO Reaction Light source Optica Degradation Reference
(mg L)  (mgL?!) time (min) 1 filter efficiency%

1000 5 300 105 W - 5 [58]

fluorescent

2000 3.2 300 500 W tungsten 420 52 [99]

1odide

714 10 540 300 W xenon 400 54 [101]

1000 8 60 300 W xenon 420 22 [103]

1000 20 360 300 W halogen 400 50 [105]
tungsten
500 20 60 300 W xenon 400 98 This work
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According to the high potential of Fe*" in decreasing the band gap energy and its ability
to trap the charge carriers (both electron and hole), we believed that the degradation
efficiency could be improved further with adjustments in the catalyst preparation. Using
XPS and atomic absorption spectroscopy indicated that the surface concentration of Fe**
(deposited on the surface of TiO; particles as iron oxide) is significantly higher than the
bulk Fe** concentration (doped Fe*" in the crystal lattice) [106]. These surface Fe** ions in
the iron oxide were believed to act as recombination centers for the photocatalytic
generated electrons and holes in the Fe-TiO; [107-109]. Moreover, we suspected that the
deposited iron oxide layer on the surface of the Fe-TiO, particles contaminates its surface
reducing the accessible active sites for the photocatalytic reactions. To the best of our
knowledge, no study has been conducted to remove this surface contamination layer to
investigate its effect on the photocatalytic activity. Therefore, in the present work
hydrochloric acid (HCI), which is an effective solvent for hematite and magnetite species
[110, 111], was employed to remove the surface iron oxide contamination layer. As a result
of this HCI acid treatment process, the degradation of MO under visible light irradiation

showed a significant increase in the photocatalytic efficiency, reported herein.

3.2 Experimental

3.2.1 Synthesis
All the reagents were of analytical grade used without any further purification.
Deionized water was used throughout the synthesis steps. The catalysts were prepared
by a simple sol-gel method using titanium isopropoxide (TTIP) as the precursor and

ferric nitrate (Fe(NO3)3.9H>0) as the Fe*" source purchased from Sigma-Aldrich. The
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desired amount of ferric nitrate (0.25, 0.5, 1, 5 and 10 Fe:Ti molar% ratio) was dissolved
in deionized water at a ratio of Ti:H,O (1:4). The solution was added to 30 mL of
anhydrous ethyl alcohol and stirred for 10 minutes. If an acidic synthesis pH was
required, the pH was adjusted by adding nitric acid (HNO3) in this step. Then, TTIP was
added dropwise to the solution under vigorous stirring and the mixture was stirred using
a magnetic stir bar for 2 hours at room temperature and then dried at 80 °c for 2 hours.
The dried powder was then centrifuged and washed 3 times with deionized water to
remove a carbon residual that contaminates the surface and then calcined at 400 °c
(temperature ramp of 10 °C.min") for 3 hours. After calcination, the catalyst particles
were stirred in concentrated HCI solution (pH~2) for 3 hours, centrifuged and washed
with deionized water 3 times to remove the possible chlorine residuals. The residue
solution turned brownish ascribed to the dissolution of the iron oxide from the surface of

the Fe-Ti0; particles.

3.2.2 Material characterization

The TEM images were obtained using a JEOL JEM-1400 electron microscope and
HRTEM and selected area electron diffraction (SAED) patterns were obtained by a
Hitachi HF-3300V to having spherical aberration, Cs plus coma correction for its
Transmission Electron Microscopy mode. A Cary 100 UV-vis spectrometer was used to
obtain the UV-vis absorption spectra of MO. An Omicron & Leybold MAX200 X-ray
Photoelectron Spectrometer (XPS) and PANalytical Empyrean X-ray diffractometer
(XRD) with copper X-ray lamp, Ka (4°) = 1.54 were used to obtain the XPS spectra and
XRD patterns, respectively. A Lambda 1050 UV-vis/NIR spectrometer was used to

obtain the diffuse reflectance spectra (DRS) and light absorption of the catalyst particles.
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A Cermax PE300BUV Xenon arc lamp (300 W) with a cut off filter (A> 400 nm) was

used as the light source to measure the photocatalytic activity.

2.3. Photocatalytic Experiments

The photocatalytic activity experiments were carried out using a 20 mg.L"! MO solution
as the pollutant. A 300 W xenon lamp with a UV cut off filter (A> 400 nm) was used as the
visible light source. The experiments were carried out in a 200 mL beaker containing 100
mL of solution. The catalyst was added to the MO solution and stirred for 30 min in dark
to reach the adsorption equilibrium. While the lamp was turned on samples were taken in
the desired time intervals within 60 min of reaction time. The change in the concentration
of MO was measured using UV-vis absorption spectroscopy at the maximum absorption
wavelength of 466 nm.

The degradation efficiency was measured using the following equation:

X% — CO_CC

x 100 Equation 3.1
0

where, X% is the degradation efficiency, Cyp and C. are the initial and final concentrations

of MO, respectively.

3.3 Results and Discussion

3.3.1 Characterization
XRD was used to determine the phase structure and crystallite size of the particles.
Figure 3.1 shows the XRD patterns of bare TiO2 and Fe-TiO; with different iron contents.
The peak at 25.3 20 degrees corresponds to the main anatase peak (101) and the other

peaks correspond to (004), (200), (105), (211), (204), (116), (220) and (215) planes [111-

25



113]. It is noteworthy to mention that the rutile phase with the main peak at 27.45°
corresponding to (110) was not found in any of the samples. The crystallinity decreased
gradually for an increase in the Fe doping content. The average crystallite size of the
particles was determined from the broadening of the XRD peaks applying the Scherrer
equation [114, 115]. It was observed that adding Fe*" to the crystal lattice decreased the
crystallite size and 13, 10.0, 9.7, 9.3, 6.4 and 5.9 nm of crystallite size were obtained for
bare TiO2, Feo25-TiO2, Feos-TiO2, Fei-TiO2, Fes -TiO2 and Fe0-TiO2, respectively.
Also, Feos-TiO2 was synthesized in acidic pH (~3) as well as the natural pH. It was
observed that the crystallite size decreased from 9.3 nm to 8.0 nm showing that the size
decreases by synthesizing the nanoparticles in acidic pH. The latter is due to the fact that
the acidic pH slows down the hydrolysis step resulting in finer catalyst particles [116,
117]. It should be mentioned that the acid treatment process did not affect the crystallite
size. It is noteworthy to mention that a peak for a-Fe>O3 was not observed in any of the
spectra suggesting that either iron oxide is formed as an amorphous phase or exists as a
very thin layer on the surface of the catalyst particles insufficient to be characterized by

XRD.
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Figure 3.1. XRD pattern of bare TiO; and Fe-TiO2 with different iron content (0.25, 0.5, 1,

5 and 10 Fe:Ti molar% ratio) calcined at 400 °c for 3 hours.

SAED was used to study the d-spacing of the nanoparticles (shown in Figure 3.6 in

supporting information). As it is illustrated in Table 3.2, the lattice parameter was increased

by doping Fe*". Since the ionic radius of Fe*" is larger than that of Ti**, the lattice parameter

enlarges upon corporation of Fe*" [64]. Also, it was observed that the lattice parameter did

not change before and after the acid treatment.
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Table 3.2. Lattice parameters measured using SAED.

Sample a=b (A°) (+0.003) ¢ (A°) (£0.005)
bare TiO2  untreated 0.376 0.935

bare TiO>  acid treated 0.377 0.948
Feos-TiO: 0.399 1.004
Fe1-TiO2 0.391 0.980
Fes-TiO: 0.397 1.004

TEM images of the untreated and acid treated Feo.s-TiO; particles synthesized at a pH of
3 showed that the particles have a uniform size distribution of about 10 nm (Figure 3.2a
and 2b) consistent with the XRD determination. An amorphous layer can be observed
around the untreated Feos-TiO: particles (Figure 3.2a). After the acid treatment (Figure
3.2b), the amorphous layer is mostly removed from the surface of the Feos-TiO» particles.
This amorphous layer is more obvious in the HRTEM images of untreated Feio-TiO2
particles defined by the red dashed outlines (Figure 3.2c). After treating the particles with
the HCI solution, the amorphous layer was mostly removed and the crystal planes can be
seen to extend to the surface of the particles (Figure 3.2d). It should be mentioned that the
amorphous layer was also observed for some of the acid treated particles but it was

negligible compared to the untreated ones.
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10 nm
|

Figure 3.2. TEM images of a) untreated and b) acid treated Feos-TiO2 particles and
HRTEM images of ¢) untreated and d) acid treated Fei1o-TiO2. The red dashed outlines in
c) show amorphous areas surrounding the Fe1o-TiO: particles that were mostly removed by

the HCI treatment seen in d) having the crystal planes extending to the surface.
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X-ray photoelectron spectroscopy (XPS), a sensitive surface characterization technique,
was employed to analyze the surface chemical composition. The survey scans of Fe1o-TiO»
(Figure 3.3 a, b), and Feos-TiO2, Fei-TiOz and Fes-TiO» (Figure 3.7 in supporting
information), show no trace of nitrogen, derived from the nitrate in Fe(NO3)3.9H,0, as well
as, no chlorine from treating the catalyst with HCI solution on any of the particles. It was
shown that the surface is mostly composed of Fe, O and Ti. Hence, it can be concluded that
the amorphous layer seen by the HRTEM was either TiO; or iron oxide.

Table 3.3 illustrates the change in atomic% (at.%) of Ti, O and Fe elements of Fe-TiO:
with different doping content before and after acid treatment. Fe:Ti at.% ratio of Fei-TiO2
(0.27:18.72), Fes-TiO2 (0.88:17.39) and Feio-TiO> (1.33:15.55) show that the ratios are
very close to the initial precursor amounts used to synthesize the catalysts. The iron amount
in Feos-TiO, particles was not enough to be identified (Figure 3.7 in supporting
information). The survey scans clearly show that the at.% of surface iron significantly
decreased after treating the catalyst particles with HCI solution, whereas, that of T1 did not
change significantly. Therefore, one can conclude that the amorphous layer removed by
the acid treatment was mostly related to the iron oxide layers on the surface. The bulk iron,
doped in crystal lattice of TiOz, is not affected by the acid treatment. Hence, the decrease
in the iron content is related to the removal of the iron oxide layers on the surface of the
particles consistent with the observations by HRTEM and with the brownish color
observed in the residue solution after the acid treatment. Figure 3.3 (c, d) depicts the
spectra for Fe 2p of Fes-TiO, for untreated and acid treated samples. The Fe 2p3/; of the
untreated sample peaks are located at 709.3, 710.6, 711.9, 713.7 eV and the signal for Fe

2p12 appears around 725 eV. Considering the common variations of the binding energies,
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these peaks are in very good agreement with the ones observed for Fe;O4 [106, 107] and
Fe;O3 [118-120]. The O 1s signal of untreated and acid treated Fes-TiO- are similar (Figure
3.3 ¢, f) and indicated a peak at 530.2 eV attributed to Fe>O3 (530.0 [121, 122] and 529.9
eV [123]), TiO2 (530.0 [124]) and Fe304 (530.3 [123] V). Another peak observed at 532.1
eV is assigned to the oxygen of the surface H>O [125]. Figure 3.3 (g, h) illustrates the high
resolution scan of Ti 2p for untreated and acid treated Fes-TiO,. The Ti 2p deconvolution
led to four peaks; the peaks around 463 and 464 eV are attributed to Ti** 2p12 and Ti*"
2p1n, and the ones around 457 and 458 eV are ascribed to Ti** 2ps2 and Ti*" 2ps valence
state of Ti [120, 125-130]. The existence of Ti*" is due to the oxygen vacancy, where the
electrons from the oxygen convert Ti*" into Ti** to preserve charge neutrality [131, 132].
The high resolution scans of Fe, O and Ti in Feio-TiO2 (Figure 3.8 in supporting
information) show the same results as well. After deconvolution of the bare TiO> (Figure
3.3 i), two peaks were observed at 458.7 and 464.3 eV representing Ti*" 2ps» and 2pis,
respectively [133]. Ti** peaks did not appear in the bare TiO» sample showing that either

it is not formed or its amount is very low making it difficult to identify.
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Table 3.3. The at.% of C, O, Ti and Fe in Fe-TiO> with different Fe** content before and

after acid treatment. (Un.T term is used for untreated and Ac.T term is used for acid treated

samples)
Catalyst Ti Fe
un.T Ac.T un.T Ac.T un.T Ac.T un.T Ac.T
Fe -TiO; 35.60 40.13 45.41 42.13 18.72 17.61 0.27 0.13
Fes-TiO» 37.36 49.45 44.37 36.18 17.39 13.97 0.88 0.40
Fe1o-TiO2 40.66 46.13 42.46 38.82 15.55 14.27 1.33 0.77
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Figure 3.3. XPS survey scan of a) untreated and b) acid treated Feio-doped TiO2; Fe 2p
high resolution XPS of c¢) untreated and d) acid treated Fes-TiOz; O 1s high resolution XPS
of e) untreated and f) acid treated Fes-TiO>; Ti 2p high resolution XPS of g) untreated and

h) acid treated Fes- TiO2; and i) Ti 2p high resolution XPS of bare TiOa.

The optical properties of bare TiO, untreated and acid treated Fe-TiO2 using diffuse
reflectance spectroscopy (DRS) are depicted in Figure 3.4 (a, b). Bare TiO> did not show
any absorption within the visible light region whereas the Fe-TiO2 specimens significantly
showed a red shift depending on the amount of doping content. The catalyst with the
highest iron content showed the highest shift towards longer wavelengths. As the ratio of
iron was increased, the number of absorbed photons in the longer wavelength range
increased as did the absorption edge between 400 — 650 nm. Such decrease in the band gap
energy is attributed to the interaction of the 3d orbital of Ti and d orbital of Fe introducing
intra-band gap states that lead to the red shift in the absorption of light [21, 60, 134].

Furthermore, another absorption band was observed around 500 nm attributed to the d-d
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transitions of 2T2g—>2Azg, 2T1g Of Fe3* [135, 136]. The band gap energy was measured using
the well-known Tauc function and a good linear fit was obtained using (4hv)? « (hv —
E,), where A is the absorbance and hwv is the photon energy and the band gap was measured
by extrapolating the linear portion of the curve [137-139]. The band gap energies of
untreated and acid treated samples are shown in Figure 3.4 (c, d). The bare TiO2 band gap
energy is 3.3 eV, which corresponds to the direct interband transition [139]. The band gap
decreased upon adding Fe3*, and the acid treated Fe-TiO, samples showed about ~ 0.1 eV
shift toward lower band gaps compared to the untreated ones, which might be due to the

removal of surface iron oxide.

In conclusion, the XRD patterns showed that the anatase is the only phase formed and
by the increase in the Fe** content, the crystallite size decreased. Also, HRTEM images
showed an amorphous layer contaminating the surface of nanoparticles. Using XPS
characterization technique, it was shown that the contaminating layer was composed of
iron oxide species. The removal of this contaminating layer was confirmed using HRTEM

and XPS.
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3.3.2 Photocatalytic Activity

As seen in the DRS spectra, the incorporation of Fe** ions into the crystal lattice of
TiO2 decreased the band gap and caused a red shift in the light absorption. The latter
allows the photocatalyst to be activated under visible light illumination. Moreover, since
the energy level of Fe**/Fe** is above the valence band energy and that of Fe**/Fe?" is
below the conduction band energy of TiO2 [105, 140], Fe** reacts with both holes and
electrons forming Fe*" or Fe?* traps. On the other hand, Fe*" and Fe*" are less stable than
Fe*" based upon the crystal field theory causing them to eventually revert back to the
Fe*" state upon their release of the electron and hole at the surface of the photocatalyst
initiating the photocatalytic reactions [30, 59, 64, 66, 141]. The latter occurs after light
absorption by Fe-TiO: to create the photo-generated electrons and holes concomitantly

with the generation of hydroxyl and superoxide radicals as follows [92, 111, 127, 142]:

Fe3t + h*t - Fe'* Equation 3.2
Fe3* + e~ — Fe?* Equation 3.3
Fe** + OH™ - Fe3* + OH® Equation 3.4
Fe?* 4+ 0, » Fe3* + 0;° Equation 3.5

500 mg.L! of the catalyst was used in all of the photocatalytic activity reactions. Figure
3.5 (a, b) shows the photocatalytic activity and rate constants of bare TiO, and untreated
Fe-TiO; with different amounts of dopant measured under visible light illumination.
Among the particles synthesized in natural pH, Feos-TiO, showed the highest
photocatalytic activity. The increase in the doping content led to a decrease in the

degradation efficiency; as it can be observed, the photocatalytic activity of bare TiO; is
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higher than that of Fe;-TiO», Fes-TiO2 and Fe1-TiO». Although Fe*" can trap both electrons
and holes up to an optimum amount of doping, a further increase makes it a recombination
center, which reduces the photo-generated charge carriers’ chance to reach the surface and
initiate the photocatalytic reactions [143-145]. Also, the high concentration of Fe*" leads
to the iron oxide contamination layers on the surface of catalyst particles, which decreases
the accessible active sites, where the photocatalytic reactions occur. In a study to evaluate
the effect of the synthesis pH on the photocatalytic activity, Feo.s-TiO2 synthesized in
natural pH was compared to Feos-TiO> synthesized in acidic pH (~3). As it can be seen in
Figure 3.5 5a and 5b, the degradation efficiency was increased from 18% to 24%. This
increase is due to the smaller crystallite size and finer catalyst particles, which as showed
using XRD patterns and Scherrer equation was resulted from the synthesis of particles in
the acidic pH. The rate constants were obtained using Langmuir Hinshelwood model,

which relates the reaction rate to the concentration of the organic pollutant as follows [146]:

dC k'rKadC R
r=——=—— Equation 3.6

where r is the reaction rate, C is the concentration of the pollutant, t is the reaction time,
kr is the intrinsic rate constant and Kag is the adsorption equilibrium constant. When the

concentration of the pollutant is very low, E quation 3.6 can be simplified to:

C _
In (C_o) = —kykqat = kapp Equation 3.7

where kapp IS the apparent first order rate constant.
Feo.5-TiO; synthesized in acidic pH showed the highest rate constant (Kapp) (Figure 3.5b).

As it can be observed from Figure 3.5c treating the Fe-TiO; particles in HCI solution
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increased their photocatalytic activity significantly (up to 5 times). Such an increase in the
photocatalytic activity is attributed to removal of the iron oxide layers from the surface of
the catalyst particles, resulting into a cleaner surface with more reactive sites for the redox
reactions. The Feos-TiO> particles synthesized in acidic pH demonstrated the highest
photocatalytic activity among the other samples and its photocatalytic activity increased
from 24% up to 98% after the acid treatment process. It is noteworthy to mention that the
specimens with the higher doping content showed a higher relative increase in their
photocatalytic activity after the acid treatment; this is due to the higher amount of deposited
iron oxide on their surface. Moreover, as can be seen from Figure 3.5d the rate constants
have been increased significantly after the acid treatment of the particles. These results are
consistent with HRTEM images, where it was observed that after acid treatment of the
particles the amorphous layers on the catalyst surface were removed. Also, XPS data
confirmed that the at.% of iron was decreased by treating the catalyst with HCI solution
showing that the contamination observed on the surface was related to the formed iron
oxide layers.

It was necessary to study the effect of the acid treatment on bare TiO> to make sure the
increase in the photocatalytic activity was not due to a change in morphology of the
particle’s surface. The bare TiO: catalyst particles were treated with HCI solution and their
photocatalytic activity was measured under UV light illumination. Figure 3.5(e, f) illustrate
the degradation efficiency and the rate constant for bare TiO> before and after the acid
treatment. The degradation efficiency of bare TiO> did not change upon acid treatment, but
the obtained kapp value for the untreated TiO, showed a higher rate constant compared to

that of the acid treated one. This result shows that the increase in the Fe-Ti0> photocatalytic
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activity, following acid treatment process, was only due to the surface iron oxide layers’
removal and not related to the morphology and/or surface modifications caused by etching
with the HCI solution. Also, the degradation efficiency of MO under UV and visible light
without any catalyst was measured as the control experiments (Figure 3.5¢). MO was
degraded 20% under UV light after 60 min of reaction time and there was no degradation
under visible light illumination. Table 3.4 and Table 3.5 summarize the obtained kapp before
and after the acid treatment. The linear regression coefficient (R?) shows the linearity of
the plotted In (Co/C) vs. time. The high values of the R? shows that the fitted plots are linear

and the reaction kinetics follows the apparent first order equation [147, 148].
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Figure 3.5. a) the degradation efficiency and b) rate constants of untreated bare TiO> and
Fe-TiO2; c¢) the degradation efficiency and d) rate constants of acid treated Fe-TiO2 with
different doping content under visible light illumination; and e) the degradation efficiency
and f) rate constants of untreated and acid treated bare TiO> under UV light illumination.
The degradation efficiency was measured using 20 mg.L™? of MO solution within 60 min
of reaction time. The comparison between the degradation efficiency of untreated and acid
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treated catalysts shows that the acid treatment process increased the photocatalytic activity

of Fe-TiO; significantly, whereas it did not affect the bare TiO».

Table 3.4. kapp f Fe-TiO (under visible light irradiation) with different Fe3* content before

and after the acid treatment.

catalyst Kapp (Mint) of R? Kapp (Min) of acid treated R?
untreated catalysts catalysts
Feo.2s-TiO2 0.00221 0.98 0.00947 0.90
Feos-TiOz 0.00462 0.91 0.06409 0.92
(PH=3)
Feos-TiO2 0.00348 0.99 0.01902 0.95
Fe1-TiO: 0.00145 0.98 0.00992 0.98
Fes-TiO: 0.00056 0.88 0.00499 0.98
Fe1o-TiO2 0.00031 0.90 0.00460 0.97

Table 3.5. kapp Of bare TiO, before and after the acid treatment (under UV light irradiation)

and only UV and only visible light irradiation.

sample Kapp (Min) R?
Untreated 0.19459 0.98
bare TiO> under UV light
acid 0.14471 0.97
irradiation
treated
only UV light 0.00738 0.97
only visible light 0.00088 0.93
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3.4 Conclusions

In summary, Fe-TiO; nanoparticles were synthesized by a simple sole-gel method. The
effects of Fe*" doping content on the band gap and size of the nanoparticles was studied. It
was observed that the increase in the doping content decreased the band gap energy and
particle size from 3.3 eV and 13 nm for bare TiO; to 2.9 eV and 5 nm for Feio-TiO2,
respectively. An amorphous layer on the surface of the catalyst particles was identified by
HRTEM, and characterized using XPS measurements shown to be composed of iron oxide
on the surface of the Fe-TiO; nanoparticles. The contamination layer was removed using
HCI solution as confirmed by the HRTEM images and the XPS. Cleaning the surface of

nanoparticles increased the photocatalytic activity from 24% to 98%.
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3.5 Supporting information
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Figure 3.6. SAED of a) untreated and b) acid treated bare TiO2; and untreated ¢) Feos-TiO>
d) Fe:-TiO2 and e) Fes-TiOx.

Figure 3.7 and Figure 3.8 illustrate the XPS survey scans of bare TiO,, Fes-TiO,, Fe-

Ti10; and high resolution scans of Fe 2p, O 1s and Ti 2p of Feio-TiO».
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Figure 3.7. XPS survey scan of a) bare TiO»; b) untreated and c) acid treated Fe0.5-TiO;
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Figure 3.8. High resolution XPS scan of a) untreated and b) acid treated Fe 2p of Feio-
TiO2; high resolution XPS scan of c) untreated and d) acid treated O 1s of Fe1o-TiOo; high

resolution XPS scan of e) untreated and f) acid treated Ti 2p of Feio- TiOa.
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Chapter 4 Photocatalytic degradation of phenol under visible
light irradiation using a high performance, acid treated Fe

doped TiO2

This paper is submitted to the journal of Water Research.

Vahid Moradi, Martin B. G. Jun and Rodney A. Herring
Abstract

In the present work, degradation of phenol solution was used to obtain the optimum
synthesis condition of Fe doped TiO2 nanoparticles and the effect of the parameters on their
degradation efficiency. The optimum condition for sol-gel to prepare Fe-TiO:
nanoparticles was obtained using 0.5 Fe: Ti molar% ratio synthesized in an acidic pH of 3.
The nanoparticles were characterized by means of HRTEM, EDX, XPS and DRS. It was
observed that the photocatalytic activity suffered from an iron oxide contaminating layer
deposited on the surface of the nanoparticles. This contamination was removed using a
concentrated HCI acid treatment process. The photocatalytic activity using 500 mg.L?* of
Feos-TiO2 in a 10 mg.L? of phenol solution increased 27% upon removing the
contamination layer (from 33%, before the acid treatment, to 42%, after the acid treatment).
In addition, the effect of different influential parameters such as catalyst load, pollutant
concentration, and reaction time on the degradation efficiency were evaluated. By
removing the iron oxide contaminating layer and the control of pH in mild acidic and basic
pHs, a 73% increase in the photocatalytic activity within 90 min of reaction time was
obtained.

KEYWORDS: Phenol degradation, visible light, photocatalyst, kinetics, iron doping
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4.1 Introduction

Phenol is an aromatic, highly toxic compound with a slow degradability in the
environment [149]; it has been reported that 1-10 nM of phenol is very toxic for both
humans and plants [150]. There is an increasing trend to produce phenol due to its
enormous use in industries such as refineries, coal processing, petrochemical, glue, resin,
paints, rubber and textile industries [151, 152].

Titanium dioxide has attracted enormous attention in the treatment of water [153-156]
and air [157-159] due to its high efficiency in photocatalytic reactions. Meanwhile, TiO:
is chemically inert, inexpensive, nontoxic, corrosion resistant and environmentally friendly
[20, 160-162]. An absorbed photon with a higher energy than the band gap energy causes
an electron to be excited to the conduction band, leaving a hole in the valence band [20,
163, 164]. Unfortunately, the high band gap energy of TiO> (3.2 eV) limits its application
only to UV light irradiation. Since only 8% of solar light contains UV light, TiO is
inefficient under solar light irradiation [165-167]. Therefore, to use the photocatalytic
capabilities of TiO2 under solar light irradiation, it is necessary to change the electronic
structure of its crystal lattice to decrease its band gap energy. Incorporation of dopants in
the structure of TiO2 is one of the solutions to this problem. It has been reported that
transition metal dopants cause a red shift from UV light to visible light achieved by the
formation of intermediate energy levels [21, 164]. The decrease in the band gap energy is
the result of excitation of the electrons from 3d or 4d orbitals of the dopant to 3d orbitals
of Ti [168]. According to previous research the ionic radii of Fe®* is very close to that of
Ti**, hence Fe®" easily substitutes Ti*" in the crystal lattice. The absorption edge sharply

increases to longer wavelengths based upon the increase in the iron content, consistent with

61



the change in the color of particles from white to yellow and light brown [30]. Asiltiirk et
al. reported that with the increase in the iron content in the crystal lattice of TiOg, the
particle size decreased, providing a larger surface area in benefit of photocatalytic activity
caused by the inhibiting effect of Fe3* on the crystallization, which leads to the smaller
TiO; crystallite size [59]. Based on photoluminescence measurements, the presence of Fe*
decreases the electron/hole recombination rate; however, too much iron has the opposite
effect, i.e., it increases the recombination since iron will also act as a recombination center.
Thus, an optimum concentration of Fe®* is required [169]. As well, Fe** traps both electrons
and holes by forming Fe?* and Fe**, which results in the increase in the life time of charge
carriers. According to the crystal field theory the most stable state is Fe3* (d°); so, Fe?* and
Fe** return to the more stable state of Fe*" by releasing the trapped electron and hole
preferably at the surface of the nanocrystal. The energy level of Fe?*/Fe®* is very close to
that of Ti**/Ti*, subsequently, the trapped electron in Fe?* can migrate to the neighbour
Ti*" and eventually reach to the surface [92]. Previous studies have shown that during the
doping process, the iron does not enter the crystal lattice completely and it can precipitate
on the surface of the nanoparticles by forming iron oxides [106]. The layer of iron oxide
on the surface of the Fe-TiO> has two effects: 1) it contaminates the surface of the TiO-
particles and decreases the surface area to volume ratio, and 2) it acts as a recombination
center for electrons and holes, which decreases the lifetime of the charge carriers [107-
109]. In our previous study [33], we showed that cleaning this contamination layer using a
concentrated HCI acid treatment increases the photocatalytic activity of Fe-TiO:
significantly using methyl orange as the pollutant representative. However, it was crucial

to investigate the degradation efficiency using a more stable molecule. Therefore, in the
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present work the photocatalytic activity of Fe-TiO2 before and after the acid treatment was
studied using phenol molecule. Moreover, the effect of different influential parameters
such as the amount of doping content, concentration of catalyst, reaction time, initial
concentration of the pollutant and pH were investigated on the degradation efficiency and

kinetics of reaction.

4.2 Materials and methods

4.2.1 Reagents and chemicals

All the chemicals were used as purchased without further purification. Titanium
isopropoxide (TTIP) (>97%) was used as the precursor of the TiO2 nanoparticles and iron
(111) nitrate nonahydrate (Fe(NOs)3.9H-0) was used as the Fe3* dopant both purchased from
Sigma Aldrich. Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were used to
adjust the pH solution and were obtained from Sigma Aldrich. Deionized water (with the

purity of >18.2 MQ) was used to synthesize the catalyst particles.

4.2.2 Material characterization

X-ray diffraction (XRD) patterns were collected using PANalytical Empyrean X-ray
diffractometer with a copper X-ray lamp, Ka (A°) = 1.54 at room temperature with the 26
angles scanned from 10 to 90 degrees. Elemental analysis and surface chemical
composition were studied using Omicron & Leybold MAX200 X-ray Photoelectron
Spectrometer (XPS). Elemental analysis of energy dispersive X-ray (EDX), and SEM
images were obtained using Hitachi S-4800 instrument. The acceleration voltage and
working distance for SEM images were 1 kV and 8 cm and those for EDX mapping were

15 kV and 15 cm, respectively. A Hitachi HF-3300v was used to obtain HRTEM images.
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UV-vis absorbance spectra of the catalyst powders were obtained using a Lambda 1050
UV/Vis-NIR Spectrometer. A Cary 100 UV-vis Spectrometer was used to measure the

concentration of phenol for photocatalytic activity measurements.

4.2.3 Catalyst preparation

TiO, and Fe-doped TiO. were prepared using a simple sol-gel method. Different
amounts of iron (0.5, 1, 5 and 10:1, Fe:Ti %molar ratio) was used as the dopant and a
constant H>O:Ti (4:1) molar ratio was used to prepare the catalysts. The desired amount of
iron was dissolved in deionized water and the mixture was added to 30 mL of anhydrous
ethyl alcohol. The pH was adjusted to the desired one in this step using HNOs solution. It
should be mentioned that Feos-TiO2 sample was synthesized in an acidic pH (~3) to study
the effect of synthesis pH on the photocatalytic activity. Then, the TTIP was added
dropwise to the solution. The mixture was stirred for 2 hrs and consecutively dried in the
oven for 2 hrs at 80 °C. The dried powder was ground using a mortar to obtain finer
particles and then were washed 3 times using deionized water to remove the remained ethyl
alcohol residual. They were then calcined in the oven at 400 °C for 3 hrs. Since HCI has
been reported to be a suitable solvent for iron oxide compounds [110, 170], it was used to
dissolve and remove the iron oxide layers. To acid-treat the catalyst particles, they were
stirred for 3 hrs in concentrated HCI solution (pH~2) and then washed 3 times with

deionized water to remove the possible chlorine residual.

4.2.4 Photocatalytic reactions
The photocatalytic reactions were performed using phenol as the pollutant. All of the
reactions were carried out in a 300 mL Pyrex cylindrical reactor containing 200 mL of

solution. The desired amount of phenol was added to distilled water and then the pH of the
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solution was adjusted using HCI or NaOH. The desired amount of catalyst was loaded to
the mixture and it was stirred for 30 min in the dark to reach the adsorption equilibrium
before the lamp was turned on. A 300 W xenon lamp with a A>400 nm cut off filter was
used as the visible light source. The distance of the lamp in all experiments was kept fixed
at 20 cm above the solution. Degradation efficiency (DE) was calculated using the

following equation:

Co—C
X% = OC—C x 100 Equation 4.1
0

where, X% is the DE, Co and C. are the initial and final concentrations of phenol,

respectively.

4.3 Results and Discussions

4.3.1 Material characterization

Figure 4.1 shows the XRD patterns of the pristine TiO2 and Fe-TiO particles with
different amounts of the doping content. The peak analysis showed a peak at 20 value of
25.3, which is in accordance with the main peak of anatase, representing the (101) crystal
plane [171]. Also, the Bragg diffraction peaks were observed at 38.01, 48.1, 54.03, 55.07,
62.05, 68.8, 70.2 and 75.1 corresponding to (004), (200), (105), (211), (204), (116), (220)
and (215) crystal planes of anatase, respectively [112, 172]. Rutile phase with the main
peak at 27.45° corresponding to (110) was not found in any of the particles showing that
for the calcination temperature of 400 °C anatase is the only formed phase. The average

particle size was obtained using the Scherrer equation [115, 173, 174]:
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Equation 4.2

where D is the crystallite size, k is a constant (0.9 in this case), A is the X-ray irradiation
wavelength, B is the FWHM (full width at half maximum) and 6 is the Bragg angle. It was
found out that the average particle size for the pristine TiO2 was about 13.0 nm. With an
increase in the iron content, the size decreased and reached a minimum size of 5.9 nm for
the Fe1o-TiO2. Moreover, the crystallinity of the particles decreased as the doping content
increased resulting to a significant decrease in the intensity of the anatase peaks. This
suggests that the incorporation of Fe3* ions in the crystal lattice effectively restrains the
growth of the TiO2. As the ionic radius of Fe3* (0.645 A") and Ti** (0.604 A") are very
similar [64], it is suggested that the Fe3* ions substitute Ti** by the diffuse channels along

the c-axis in the crystal lattice [175].
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Figure 4.1. XRD pattern of the pristine and Fe-TiO, with different Fe** content calcined at

400 °C for 3 hours.
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The HRTEM images (Figure 4.2) showed an unknown amorphous phase on the
particles surface. This amorphous layer contaminates the surface of the nanoparticles
decreasing the surface to volume ratio, which is a crucial factor in photocatalytic reactions,
and promoting electron/hole recombination at the interface and preventing the charges
from reacting with the adsorbed water and oxygen molecules to produce radicals. It was
assumed that the contaminating layer is composed of iron oxide deposited on the surface.
Therefore, the particles were stirred in concentrated HCI solution (pH~2) as a suitable
solvent for hematite and magnetite to remove the contaminating layer. Figure 4.2 shows
the Fe1o-TiO2 nanoparticles (a) before and (b) after the acid treatment. The amorphous layer
in the untreated particles (shown in the red dashed outlines) cannot be seen in the acid-

treated particles.
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Figure 4.2. HRTEM images of a) untreated and b) acid treated Fe1o-TiO2 nanoparticles.

The optical properties of pristine TiO2 and Fe-TiO2 have been described in detail in our

previous study [33]. The effect of incorporation of Fe3* and the acid treatment on the light
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absorption of Fe-TiO; is described in Figure 4.3 and Figure 4.11. The pristine TiO2 with
the band gap energy of ~3.3 eV did not show any visible light absorption. As the dopant
was added to the crystal lattice of TiO2, a red shift towards longer wavelength was observed
and the band gap was decreased based on the increase in the doping content to 2.7 eV for
Fe1o-TiO2. Such decrease in the band gap energy is attributed to the interaction of the
intermediate energy levels of Fe** with the 3d orbital of Ti in the conduction band [60,
111]. The absorption band observed around 500 nm is due to the d-d transitions of
2Toq—2A2g, 2T1g [135]. Moreover, the band gap of the Fe-TiO2 nanoparticles after the acid
treatment showed ~ 0.1 eV shift towards shorter wavelengths, which might be due to the

removal of surface iron oxide.
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Figure 4.3. UV-vis absorption spectra of the pristine TiO2 and Fe-TiO, with different

doping content before and after acid treatment.

X-ray photoelectron spectroscopy (XPS) was employed as a surface sensitive
characterization technique to study the surface element composition of the nanoparticles
as explained previously [33]. The XPS survey scans found that the surface of Fe-TiO:
nanoparticles was composed of Ti, O and Fe elements. Table 4.1 shows the at.% ratio of
Fe:Ti in Fe-TiO2 nanoparticles with different Fe content before and after the acid treatment.
The atomic percent (at.%) of Fe decreased significantly after treating the catalyst particles
with HCI solution, which was due to the removal of iron oxide layers from the surface of
nanoparticles confirming that the amorphous layer observed in HRTEM images (Figure
4.2) was composed of iron oxide layers. It should be mentioned that the at.% of Ti did not

change by the acid-treatment.

Table 4.1 Change in at.% of Fe content in Fe-TiO2 nanoparticles with different Fe content

Catalyst Fe:Ti

before acid treatment after acid treatment
Fei-TiO2 1.4 0.7
Fes-TiO» 5.1 2.9
Fe10-TiO2 8.6 5.4
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Table 4.2 shows the peak position and FWHM of O, Ti and Fe elements; the two peaks
observed in O 1s scan are ascribed to Fe>Os, Fe3O4, TiO2 (~530.2 eV) and surface H20:
(~532.1eV) [122, 123, 176]. The deconvolution of the Ti high resolution scan led to four
peaks at 457.8, 458.8, 463.4 and 464.6 eV ascribed to Ti®* 2psp, Ti** 2psp, Ti** 2p1» and
Ti** 2pup, respectively. The Ti®* peaks are ascribed to the generated oxygen vacancies,
where the oxygen electrons convert Ti** to Ti** to preserve the charge balance. It is
noteworthy to mention that the Ti** peaks were not observed in pristine TiO>. [128-130].
Also, the peaks observed at around 709.3, 710.6, 711.9, 713.7 and 725.2 eV in Fe high

resolution spectra confirmed the existence of Fe2Os and FesO4 [118, 119, 177].
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Table 4.2. High resolution XPS spectra of titanium, oxygen and iron

Peak Position BE FWHM (eV)
(eV)
530.2 1.7
o5 532.1 2.35
Ti 2par 458.7 1.63
Ti 2pus 464.3 1.92
709.3 1.21
710.6 1.39
Fe 2pa2 711.9 1.54
713.7 2.56
Fe 2p1r2 725.2 3.66

Figure 4.4 depicts the elemental analysis maps of Feio-TiO2 before and after acid
treatment for Fe, Ti and O; and Table 4.3 shows the change in at.% of Fe:Ti before and
after the acid treatment process for the samples with different doping content. The EDX
mappings and spectra of Feos-TiO2 and Fe:-TiO2 before and after the acid treatment are

shown in Figure 4.12 and Figure 4.13.
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Figure 4.4. Elemental maps of a) Fe, b) Ti, ¢) O and d) EDX spectrum of Fe1o-TiO; before
acid treatment; elemental maps of e) Fe, f) Ti, g) O and h) EDX spectrum of Fe1o-TiO2
after acid treatment.

The elemental analysis showed the at.% Fe:Ti ratio before the acid treatment: 0.57
(0.37: 64.31), 0.92 (0.66:71.46), 4.8 (2.81:58.54), 10.8 (3.48: 32.18), for Feos-TiO>, Fei-
TiO2, Fes-TiO2 and Fe1o-TiO2, respectively. After the acid treatment, the Fe content
diminished remarkably about twofold in all of the samples. This is in a complete agreement
with the results obtained from the XPS analysis confirming the fact that the iron oxides

deposited on the surface are dissolved in the acid solution and removed from the surface

of the catalyst.
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Table 4.3. The at.% ratio of Fe:Ti before and after the acid treatment obtained using EDX

elemental analysis

Catalyst @) Ti Fe

untreated acid treated untreated acid treated untreated acid treated

Feos-TiO 35.32 141 64.31 85.67 0.37 0.23
Fe1o-TiO2 64.34 71.96 32.18 26.72 3.48 1.28
Fes-TiO2 38.65 37.92 58.54 60.55 2.81 1.53
Fe1-TiO: 27.88 47.05 71.46 52.56 0.66 0.39

The photocatalytic activity of Fe-TiO, was measured using phenol solution under
visible light illumination and the effects of iron content, acid treatment of the particles,
amount of catalyst in the solution, concentration of pollutant, irradiation time and pH were
studied. The Langmuir-Hinshelwood model, which is used to model the kinetics of
photocatalytic reactions of organics in aqueous solution, was used to study the photo
degradation kinetics. The model relates the reaction rate to the concentration of organic

compounds:

dt  1+Kgg+C

Equation 4.3

where r is the reaction rate, C is the concentration of the organic compound, t is the

reaction time, k¢ is the intrinsic rate constant and Kagq is the adsorption equilibrium constant.
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4.3.2 Photocatalytic activity measurements

4.3.2.1 Effect of iron content as dopant

Figure 4.5a illustrates the effect of iron content on the photocatalytic activity of Fe-
TiO2 using 10 mg.L? of phenol solution within 90 min of reaction time. As the doping
content increased the photocatalytic activity decreased. The latter can be explained
associated with the fact that Fe** can trap both electrons and holes up to an optimum
amount [178, 179]; as the doping content exceeds this optimum point, it acts as a
recombination center for the photo-generated charge carriers having an adverse effect on
the photocatalytic activity [169, 180]. It is notable that the DE of the pristine TiO2 was
higher than that of the doped catalysts with high doping content. Feo s, pn=3-TiO2 showed a
higher photocatalytic activity compared to the ones synthesized in natural pH. This is due
to the acidic pH hindering the hydrolysis process that leads to finer catalyst particles [181,

182].
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Figure 4.5. The effect of doping content on a) photocatalytic activity and b) kinetics of

phenol degradation; catalyst load= 500 mg.L* and [phenol]o= 10 mg.L™.

Figure 4.5b and Table 4.4 illustrate the rate constants for different Fe3* content, where

Kapp is the rate constant and R? is the (residual)? calculated from least squares method. The
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rate constant decreased significantly by the increase in the doping content from 0.5 to 1
molar% (Fe:Ti).
Table 4.4. The effect of doping content on the rate constant of phenol degradation; catalyst

load= 500 mg.L* and [phenol]o= 10 mg.L™.

Catalyst Kapp (Mint) R?

pristine TiO- 0.00231 0.93
Feos, pH=3-TiO2 0.00479 0.99
Feos-TiO2 0.0039 0.97
Fe:-TiO2 0.0009147 0.92
Fes-TiO> 0.00063 0.94
Fe1o-TiO2 0.000527 0.93

4.3.2.2 Effect of acid treatment and removal of surface iron oxide contaminating layer
Figure 4.6a shows the photocatalytic activity of the Fe-TiO> catalysts doped with
different amounts of Fe3* treated with the HCI solution using 10 mg.L™ of phenol solution
within 90 min of reaction time. Upon applying the acid treatment to the catalyst particles,
their photocatalytic activity increased significantly. The DE of Feos pH=3-TiO2 was
increased 24% after the acid treatment. This increase was even more remarkable in the
samples with higher amount of iron. For instance, the DE of Fe1o-TiO> increased by the
factor of 2.5. As shown in the HRTEM images and XPS data, only a portion of Fe3* is
doped in the crystal lattice of TiO2 and the remaining is deposited on the surface of the
particles in various forms of iron oxides. This deposited layer contaminates the surface,
where the majority of photocatalytic reactions take place; hence, it reduces the reactive

sites for photocatalytic reactions and diminishes the photocatalytic activity. In addition,
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this contamination layer acts as a recombination center for the photo-generated electrons
and holes and reduces their chance to reach to the surface to initiate the photocatalytic
reactions. The improvement in the DE was due to the removal of this layer from the
particles’ surface. Also, it should be mentioned that the DE of the Fe;-TiO: before the acid
treatment was less than the pristine TiO2 and after the acid treatment it increased to a higher
DE than that of the pristine TiO>. Figure 4.6b and Table 4.5 show the rate constants for the

catalysts with different amounts of doping content after the acid treatment process.
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Figure 4.6. a) photocatalytic activity and b) kinetics of phenol degradation after the acid

treatment; catalyst load= 500 mg.L, [phenol]o= 10 mg.L™.

Comparing the rate constants of the photocatalytic reactions before (Table 4.4) and
after acid treatment (Table 4.5), the kapp Of the particles with higher amounts of Fe doping

increased further subsequent to the acid treatment. In the samples with higher doping
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content, more iron was used in the doping process compared to the ones with less amount
of doping content that produced more contamination layers on their surface. Upon applying
the acid treatment, they show more improvement in their kapp and photocatalytic activity.

Table 4.5. The rate constants of phenol degradation after the acid treatment; catalyst load=

500 mg.L* and [phenol]o= 10 mg.L™.

Catalyst Kapp (Min1) R?

pristine TiO- 0.00255 0.93
Feos, pH=3-TiO2 0.00586 0.99
Feos-TiO2 0.00446 0.98
Fe:-TiO2 0.00298 0.93
Fes-TiO; 0.00134 0.91
Fe1o-TiO2 0.00133 0.99

4.3.2.3 Effect of catalyst load

The effect of catalyst load on DE was studied using 20 mg.L™* of phenol solution and
200, 500, 1000, 1500 and 3000 mg.L* of Fegs, pH=3-TiO2. As shown in Figure 4.7a, the DE
obtained with 200 mg.L™ of the catalyst load was 18% and the DE increased remarkably
to 78% employing 3000 mg.L™? of the catalyst load within 90 min of reaction time. Such
an improvement resulted from more catalyst particles contributing to the photocatalytic
reactions. Figure 4.7b plots the theoretical and experimental rate constants for different
catalyst loads in the reaction solution. In the theoretical rate constants, it was assumed that
the rate constant increases proportional to the increase in the catalyst load. However, it can
be seen that as the catalyst load increases, the difference between the theoretical and

experimental rate constants increases. This is due to the fact that by the increase of catalyst
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load up to an optimum point the DE increases; however, after the optimum point the

catalyst particles block the irradiated, which results into the lower photocatalytic activity.
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Figure 4.7. The effect of catalyst load on a) photocatalytic activity and b) rate constant of

phenol using acid treated Feos, pr=3-TiO2, [phenol]o= 20 mg.L™.
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4.3.2.4 Effect of reaction time

The photocatalytic performance was measured within 6 hours for 20 mg.Lof phenol
solution using 1000 mg.L™ of the catalyst load (Feos, pn=3-TiO2). As shown in Figure 4.8a,
the DE increases with the time and 87% DE was obtained after 6 hours of reaction time.
As the reaction continues, less phenol molecules would be available to the catalyst

particles. hence, the reaction rate decreases gradually (Figure 4.8Db).
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Figure 4.8. The effect of reaction time on a) photocatalytic activity and b) reaction rate of

phenol degradation, catalyst load= 1000 mg.L™, [phenol]o= 20 mg.L™.
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4.3.2.5 Effect of initial concentration of phenol

The effect of initial pollutant concentration on DE was studied using different amounts
of phenol concentration (10, 20, 50 and 100 mg.L™t) and a constant catalyst load (Feo s, pr=3-
TiO2) of 500 mg.L™. From Figure 4.9a, the DE decreases with an increase in the pollutant

concentration.
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Figure 4.9. The effect of initial phenol concentration on a) photocatalytic activity, b) rate

constant and c) reaction rate; catalyst load= 500 mg.L* (Feo s, pr=3-TiO) and reaction time=

90 min.

The rate constants (Figure 4.9b and Table 4.6) decrease with the increase in the phenol
concentration. Since the catalyst load is kept constant while the initial phenol concentration
increases, the photocatalytic activity decreases. However, as shown in Figure 4.9c, the
reaction rate within 90 min of reaction time increases with the increase in the initial phenol
concentration. As the initial phenol concentration increases there are more phenol
molecules available for the catalyst particles to continuously participate in the

photocatalytic reactions.
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Table 4.6. The effect of initial phenol concentration on the rate constants; catalyst load=

500 mg.L™.
Phenol concentration (mg.L™?) Kapp (Mint) R?
10 0.00586 0.99
20 0.00521 0.99
50 0.00338 0.99
100 0.00225 0.96

4.3.2.6 Effect of pH

Variation in pH of the solution affects the surface characteristics of the catalyst
particles, generation and scavenging of hydroxyl radicals and also leads to the formation
of different phenol species. Hence, it is important to study the photocatalytic activity within
different pH ranges. Figure 4.10 illustrates the effect of pH on photocatalytic degradation
of 10 mg.L? of phenol solution. The best results were obtained in mild alkaline (pH=8,
57% DE) and mild acidic (pH=5.5, 56% DE) pHs. Further decrease (pH=4.5, 37% DE) and
increase (pH=9, 16% DE) in the pH of the solution had an adverse effect on the
photocatalytic activity. According to point of zero charge (pzc), the surface of TiO> is
negatively charged in alkaline pHs and conversely, positively charged in acidic pHs. In
mild alkaline pHs, hydroxide ions facilitate generation of hydroxyl radicals through the
reaction of the hydroxide ions with the holes in the valence band of TiO, [183, 184]. In a
harsh alkaline condition, the Coulombic repulsion between the hydroxide anions and
negatively charged surface of TiO, impedes the hydroxyl radical generation [162].
Moreover, phenolate anion is dominated specie of phenol molecule in extreme alkaline

pHs, which causes a repulsive force between the high soluble phenolate anion and
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negatively charged TiO» surface. Although the harsh acidic pH is not favorable for
photocatalytic activity, the electrostatic attraction between the positively charge on TiO-
surface and the phenol molecule, and also low solubility of phenol within the low acidic
pH range enhances the adsorption of phenol on the catalyst particles’ surface, which is

advantageous to the photocatalytic reactions [185].
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Figure 4.10. The effect of pH on the photocatalytic activity; catalyst load= 500 mg.L*and

[phenol]o= 10 mg.L™.

4.4 Conclusions

The Fe-TiO2 with different amounts of Fe®* was synthesized successfully using the sol-
gel method. The UV-vis absorption spectra of Fe-TiO> had a red shift towards visible light
due to the doped Fe3+ in the crystal lattice of the particles, whereas the pristine TiO2 had
activity only within the UV region. An amorphous contamination layer was found on the
surface of the particles using TEM imaging. XPS showed that the layer is composed of

iron oxide, which was deposited on the surface of the nanoparticles during the synthesis
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step. The layer was removed using concentrated HCI solution and its removal was
confirmed by TEM, XPS and EDX. EDX chemical analysis showed that the concentration
of iron decreased significantly by acid treatment. XPS proved that such a decrease was due
to the removal of the surface iron oxide. Degradation of phenol was used to measure the
photocatalytic activity of the nanoparticles. It was observed that although the increase in
the doping content increases the red shift, it deteriorates the photocatalytic activity. The
removal of surface iron oxide layer improved the degradation efficiency significantly.
Also, the increase in the catalyst load increased the photocatalytic activity up to an
optimum point and after that it has an adverse effect on the reaction rate. The pH played
an important role in the degradation efficiency of the catalyst particles, where the highest
photocatalytic activity was obtained operating under mild acidic and basic pHs. the
photocatalytic activity was increased up to 73% by the removal of iron oxide and working

under the optimum pH condition.
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4.5 Supporting information
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Figure 4.11. UV-vis absorption spectra of Fe-TiO> with different amounts of the doping

content a) before and b) after acid treatment
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Figure 4.12. Elemental maps of a) Fe, b) Ti, ¢) O and d) EDX spectrum of Fegs-TiO2 before

acid treatment; elemental maps of €) Fe, f) Ti, g) O and h) EDX spectrum of F0.5-TiO-

after acid treatment.
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Figure 4.13. Elemental maps of a) Fe, b) Ti, ¢) O and d) EDX spectrum of Fes-TiO2 before
acid treatment; elemental maps of e) Fe, f) Ti, g) O and h) EDX spectrum of Fes-TiO, after

acid treatment.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

This dissertation describes a facile sol-gel method to synthesize bare (undoped) and Fe
doped TiO2 nanoparticles for wastewater treatment under visible light irradiation. The
focus of this work was to find the reasons behind the low photocatalytic activity of Fe-TiO>
and then to improve its photocatalytic activity. The optimum conditions to synthesize the
Fe-TiO2 photocatalyst were obtained. The properties of Fe-TiO, were characterized using
XRD, SAED, TEM, HRTEM, XPS, DRS and EDX. Also, the optimum conditions for
degradation efficiency were obtained using phenol as the representative pollutant. The DE
was optimized for different reaction conditions such as the effect of the removal of the
contamination layer from the surface of the Fe-TiO2 nanoparticles, catalyst load, reaction
time, the pollutant’s initial concentration and the pH of the solution. Moreover, the Kinetics
of the photocatalytic reactions were studied thoroughly for a better understanding of the
process and optimum reaction conditions.

Chapter 3 investigated the reason behind the low photocatalytic activity of the Fe-TiOs.
An iron oxide contamination layer was found out on the surface of the nanoparticles, which
increased the electron/hole recombination centers and decreased the surface area of the
nanoparticles. The iron oxide contamination layer was removed using an acid treatment
process by means of concentrated HCI solution. In addition, the effect of the Fe content on
the crystal lattice and optical properties of the nanoparticles were studied. Methyl orange
was used as the pollutant to investigate the effect of removing the contamination layer and

also for the doping content on the DE under visible light irradiation.
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Chapter 4 focused on the practical applications of the synthesized photocatalyst in
degradation of phenol solution under visible light irradiation. Different influencing
parameters on the DE of the nanoparticles were taken into consideration and the Kkinetics
of the reaction under different conditions were investigated to find the efficient conditions
for practical use of the photocatalyst.

The key findings and contributions of this work are categorized into synthesis and
characterization of the catalyst, and its practical use in degradation of organic pollution and

optimizing the photocatalytic reaction conditions and kinetics study as follows:

5.1.1 Synthesis and characterization
1. The effect of synthesis pH on the crystallite size of the nanoparticles
The catalyst was synthesized in natural pH of the solution and also in acidic pH
of 3. The nanoparticles synthesized in the acidic pH had a smaller crystallite size
due to its inhibition of the hydrolysis step leading to finer nanoparticles. The
smaller the size, the higher the photocatalytic activity obtained due to the larger
surface area.
2. The effect of the Fe doping content on the crystallinity and crystallite size of
the nanoparticles
The XRD patterns showed that the increase in the amount of Fe** in the Fe-
TiO: crystal lattice caused a decrease in the crystallinity of the nanoparticles. This
is due to the restraint of the crystal growth by introducing the Fe** dopant. Also,
the crystallite size was measured using the Scherrer equation. The size decreased
gradually from 13 nm for the bare TiO. nanoparticles to 5.9 nm for the Fe1o-TiOg,

the highest amount of the doping content.
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3. The effect of the Fe doping content on the lattice parameters
Different Fe:Ti molar% ratios were used to synthesized the nanoparticles. The
effect of the doping content on the lattice parameter was studied using SAED. It
was observed that by increasing the doping content, the lattice parameter increased.
This is attributed to the larger ionic radius of Fe®* compared to that of Ti*".
4. The effect of HCI acid treatment on the photocatalytic activity of Fe-TiO2
An amorphous layer was found on the surface of the nanoparticles using TEM
and HRTEM. XPS showed that the amorphous layer is composed of iron oxide.
This layer contaminates the surface and decreases the accessible sites for the
photocatalytic reactions to take place. Also, it acts as a recombination center for the
photo-generated charge carriers, which decreases the photocatalytic activity. The
contamination layer was removed by concentrated HCI acid treatment process;
HRTEM and XPS and EDX showed that the concentration of surface iron oxide
decreased dramatically resulting in the DE increasing significantly upon the

removal of the contamination layer.

5.1.2 Optimizing the photocatalytic reaction conditions and kinetics study
1. The effect of Fe doping content on the optical properties of the nanoparticles
Using DRS measurements it was found out that by the incorporation of the Fe®*
in the crystal lattice of TiO», the absorption of TiO> shifted from UV light to visible
light. Also, as the concentration of the dopant increased the red shift towards longer
wavelengths increased. The red shift was interpreted to be due to the interaction of
the d orbitals of Fe3* with the 3d orbitals of Ti** producing intermediate band gap

energies. The band gap energies were calculated from Tauc function plots that
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showed the band gap energy of the bare TiO> was 3.3 eV, which decreased
gradually upon increasing the doping content to 2.7 eV for Fe1o-TiOo.
. The effect of the catalyst load in the solution on the photocatalytic activity

As the amount of the photocatalyst increased the DE increased. However, there
is an optimum amount for the catalyst load and exceeding that optimum point has
an adverse effect on the reaction rate and DE. In our case, after 1500 mg.L™* of the
catalyst load the increase in the DE was not as much expected. The increase in the
catalyst load that exceeds the optimum amount blocks the irradiated light to the
solution resulting in a lower DE.
. The effect of reaction time on the photocatalytic activity

It was found that although the DE increased as the reaction time increased, the
reaction rate decreased. This is attributed to having less pollutant molecules around
the photocatalyst nanoparticles to react with; therefore, the reaction rate decreased.
. The effect of the initial concentration of the pollutant in the water on the
photocatalytic activity

The increase in the concentration of the pollutant with a constant amount of
catalyst load decreased the DE. The photocatalytic reaction rate increased since
there were more available pollutant molecules for the photocatalyst nanoparticles
to degrade.
. The effect of pH of the solution on the photocatalytic activity

The pH was an important factor in the photocatalytic degradation of phenol.
The best results were obtained using mild acidic and mild alkaline pHs. The

generation of hydroxyl radicals were facilitated in the mild alkaline pHs. The
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electrostatic attraction between the phenol molecule and the positively charged
surface of TiO> as well as low solubility of phenol in mild acidic pHs increased the

adsorption of light leading to higher DE.

5.1.3 The applications and the impacts of this research work

The prepared Fe doped titania photocatalyst with significantly enhanced photocatalytic
activity under visible light irradiation has the potential to be utilized for various
applications including wastewater treatment and water and air purification and
disinfection, sterilization and self-cleaning surfaces. Considering the effectiveness of the
prepared photocatalyst in degradation of organic pollution under visible light irradiation,

the huge positive impact of this research in cleaning the environment is appreciable.
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5.2 Future work

The results obtained in this research improved the photocatalytic activity of Fe-TiO-
significantly. However, this research work can still be improved by some modifications to
be developed further.

e The impact of the acid treatment time should be studied further since it might
remove more of the contamination layer that could lead to a higher photocatalytic
activity.

e The acid treatment process introduced in this research work might be advantageous
to other catalysts with other dopants as well. So, its impact on them can be studied
and the acid treatment process might be introduced as a general method for the
improvement of the photocatalytic activity using doped photocatalysts.

e The Fe-TiO2 nanoparticles can be coated on the surface of a substrate and their
photocatalytic activity as a fixed bed photo-reactor can be measured.

e Other metal or non-metal co-dopants can be used in the doping process to study

their synergistic effect on the photocatalytic activity.
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