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ABSTRACT
Mohammed, Ahmed Hafedh Mohammed
M.Sc., Metallurgical and Materials Engineering Department
Supervisor: Assoc. Prof. Dr. Jongee PARK
January 2018, 57 pages
This work was in an elaboration of TiO2 nanoparticles by the sol-gel process using
tetra-isopropoxide as a precursor to get higher photocatalytic activity. In sol-gel
method, the effects of different acids (Acetic acid, Hydrochloric acid, and Nitric acid)
and different (pH) with using Hydrochloric acid as a catalyst: (pH 1.5, 2.8, 3.3 and 4)
were studied. Using one of the samples synthesized, the effect of calcination
temperature on the properties of synthesized TiO2 was investigated at various
temperatures 450, 550, and 650 ºC. All the samples calcined at 550 ºC were
characterized using XRD, SEM, and UV – Vis spectrophotometer. The titanium
dioxide solution prepared by using hydrochloric acid at pH 4 was coated on a glass
substrate, using dip coating technique for different cycles (1 time, 3 times, and 5
times). All coated glass of TiO2 were analyzed using UV-Vis spectrometry, UV-Vis
spectrophotometer, and contact angle measurements. The results showed that only
anatase phase with different crystallite size, crystallinity, and shapes of TiO2 was
obtained in different kinds of acid, and the formation mechanism of TiO2 by different
acid was discussed in detail. For different pH, at pH 4, 2.8, and 1.5, only the anatase
type TiO2 was observed. Under acidic condition at pH 3.3, anatase and very small
amount of rutile were obtained. In addition, it was shown that the crystallinity and
crystallite size of anatase type TiO2 were increased when calcination temperature
increased. The TiO2 powder synthesized from hydrochloric acid at pH 4 showed
highest photocatalytic activity, and its photodegradation efficiency was 76.2%, 95%,
and 98.1% in 30, 60, and 90 min, respectively, for methylene blue under UV
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irradiation. Finally, the glass coated 5 times with TiO2 sol showed superhydrophilicity
and its photodegradation efficiency was 67 % in 7 h under UV irradiation.

Keywords: TiO2, sol-gel process, acid effect, pH effect, photocatalyst.
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ÖZ
Mohammed, Ahmed Hafedh Mohammed
Yüksek Lisans, Metalurji ve Malzeme Mühendisliği Bölümü
Tez Danışmanı: Doç. Dr. Jongee PARK
2018, 57 sayfa
Bu çalışma, yüksek fotokatalitik aktivite elde etmek için tetra-izopropoksit öncülü
kullanılarak sol-gel yöntemiyle TiO2 nanopartikülleri elde edilmesinin detaylarını
içermektedir. Sol-gel yönteminde, farklı asitlerin (Asetik asit, Hidroklorik asit ve
Nitrik asit) ve katalizör olarak hidroklorik asit kullanılarak elde edilen farklı pH
değerlerinin etkileri çalışılmıştır. Sentezlenen numunelerden biri kullanılarak,
kalsinasyon sıcaklığının sentezlenen TiO2’nin özelliklerine etkisi, 450, 550 ve 650°C
olmak üzere farklı sıcaklıklar için araştırılmıştır. 550°C’de kalsine edilen tüm
numuneler XRD, SEM ve UV-Vis spektrofotometre ile karakterize edilmiştir.
Hidroklorik asit kullanılarak (pH: 4) hazırlanan titanyum dioksit çözeltisi, cam altlık
üzerine daldırarak kaplama tekniği kullanılarak farklı döngülerle (1, 3 ve 5 defa)
kaplanmıştır. Tüm TiO2 kaplanmış camlar UV-Vis spektrometre, UV-Vis
spektrofotometre ve temas açısı ölçümleri ile analiz edilmiştir. Sonuçlar farklı türdeki
asitlerle sadece TiO2’nin anataz fazının farklı kristal boyut, kristallik ve şekillerde elde
edildiğini göstermiş ve farklı asitlerle TiO2 oluşumunun mekanizması detaylı olarak
tartışılmıştır. Farklı pH değerleri için, 4, 2.8 ve 1.5 pH değerlerinde sadece anataz tipi
TiO2 gözlenmiştir. 3.3 pH değerindeki asidik koşulda, anataz ve çok az miktarda rutil
elde edilmiştir. İlave olarak, kalsinasyon sıcaklığı arttıkça anataz tipi TiO2’nin
kristalliğinin ve kristal boyutunun arttığı görülmüştür. Hidroklorik asitle (pH: 4)
sentezlenen TiO2 tozu en yüksek fotokatalitik aktiviteyi göstermiş ve bu tozun UV
ışını altında metilen mavisi ile 30, 60 ve 90 dakikalarda elde edilen fotobozunum
verimleri sırasıyla %76.2, %95 ve %98.1 bulunmuştur. Son olarak, 5 defa TiO2
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kaplanmış cam süperhidrofobiklik göstermiş ve 7 saatlik UV ışını altında
fotobozunum verimi %67 bulunmuştur.
Anahtar kelimeler: TiO2, sol-gel yöntemi, asit etkisi, pH etkisi, fotokatalizör.
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CHAPTER 1
Introduction
Nowadays, environmental specifically water pollution is considered as an essential
challenge faced by the humankind. Different strategies like the ion exchange,
membrane filtration and electrochemical methods, etc., have been employed to resolve
the water pollution problems [1]. The emergence of nanotechnology enables us the
ability to benefit from improving the characteristics of the materials. In water treatment
field, it is possible to improve materials’ capabilities and use them as photocatalysts to
remove contaminants from water.
Although there are many materials that can be used as a photocatalyst such as GaAs,
PbS, and CdS, they cannot be used in water treatment due to their toxicity and
unstability in the aquatic medium. Another photocatalytic material like Fe2O3, SnO2,
and WO3 require external electrical bias to produce effective interaction between the
water and themselves, which develop the hydrogen at the cathode [2]. Many factors
including the stable state of its chemical and optical properties, as well as many other
advantages, such as low cost, insolublity in water, high efficiency, and its harmless
property points out to use titania (TiO2) as a photocatalyst in water treatment [3,4].
The photocatalytic activity (PA) of TiO2 depends on the phase composition, crystallite
size, pores, and surface area. Very high crystallinity of the phase leads to the growing
of the recombination rate of photo-excited electrons and positively charged holes [5].
Most nanomaterials having a wide band gap could be used to act as a photocatalyst in
the form of fine powder in water treatment, but the matter is the process of separating
the powder from suspension after photocatalytic reaction [6]. Therefore, TiO2 solution
has been coated on different substrates and then placed under ultraviolet (UV)
radiation in water circulation [7].
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The production of a thin or thick film of TiO2 is one of the important research in the
domain of the photocatalyst to optimize the coating of TiO2 solution on the different
substrates [8]. There are many techniques or methods used in the production of TiO2
films. The sol-gel process is considered one of the best methods to prepare thin oxide
coating since it has multiple advantages including easiness, low-cost, and better
homogeneity in the products [9]. In addition, this technique had much attention in the
past decade for making optical coatings.
Overall Objectives

The ultimate aim of this study was to improve the PA of TiO2 nanoparticles to be used
in water treatment. TiO2 nanoparticles were synthesized by acid assisted sol-gel
process using different acids as a catalyst.
Therefore, the main objectives of this work are summarized as follows;
1. Investigation of the effects of different acids and different pH on the formation,
morphology, and structure of TiO2 nanoparticles.
2. Determination of the effects of the developed morphology on the PA of TiO2
nanoparticles synthesized.
3. The utilization of the TiO2 nanoparticles synthesized in waste water treatment.

2

CHAPTER 2
Literature Survey
2.1. Titanium Dioxide (TiO2)

Titanium dioxide (TiO2), also known as titania, is a transitional metal oxide. This
material can be used as a photocatalyst because it has a band gap set in the
semiconductor materials range.
TiO2 can be used in many applications, such as self–cleaning surfaces, antifogging, air
purification, and water treatment [10]. It has also many attractive properties, such as
low – cost, widely available, nontoxic, transparency to visible light, high refractive
index, hydrophilicity, and low absorption coefficient [11]. In 1972, Fujishima and
Honda discovered PA of titanium dioxide in water under (UV) light [12], since then,
many researchers have studied PA of titanium dioxide for various applications
including water treatment, and then worked on developing this advantage, through
studies on the nanoscience and nanotechnology that have emerged in the past decades.
2.2. Crystalline Structure of TiO2

TiO2 is a semiconductor material that is found in three polymorphs: Anatase
(tetragonal), Rutile (tetragonal), Brookite (orthorhombic) [13]. Among the common
crystalline forms of TiO2, anatase and rutile have been widely achieved as
photocatalysts [14]. Since the anatase was widely investigated rather than rutile due to
PA in a catalytic application [15].
The crystal structure and properties of the Rutile, Anatase and Brookite polymorphs
are given in Table 2.1[16].
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Table 2.1. Structural properties of TiO2
Properties

Anatase

Rutile

Brookite

Crystal structure

Tetragonal

Tetragonal

Orthorhombic

A = 9.184
A = 3.784

A = 4.594
B = 5.447

Lattice constant (Aº)
C = 9.515

C = 2.959
C = 5.145

Volume/molecule(Aº)

Density (g/cm³)

34.061

31.2160

32.172

3.79

4.13

3.99

1.937(4)

1.949(4)
1.87-2.04

TiO bond length (Aº)

O-Ti-O

1.965(2)

1.980(2)

77.7

81.2
77.0-105

Angle

92.6

90.0

Titanium dioxide has a large band gap about (3.0 eV) for rutile and (3.2 eV) for anatase
that requires an excitement light of a wavelength that is lower than 400 nm to
decompose organic compounds into carbon dioxide and water [17]. That means (TiO2)
can only be excited under ultraviolet light (UV) [2].
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All three forms are TiO6 octahedral with different arrangements, and strong
interactions depend on the share edges with bond lengths, so, in anatase form, all short
bond lengths are associated with sharing edges [18], as illustrated in Figure 2.1.

Figure 2.1. The three polymorphs of TiO2 are (a) anatase, (b) rutile, and (c) brookite
[19].
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2.3. Synthesis Technique of TiO2

Titanium dioxide nanoparticles have been synthesized by different methods in the past
decades, one of them is a sol-gel simple method. Usually, TiO2 is used in the form of
nanoparticles for high PA [20]. Also, TiO2 nanoparticles are dependent on the
preparation method, so most researchers used the sol-gel method because it has many
advantages in comparison with other preparation methods.
2.3.1. Sol-gel Method

Sol-gel methods had been extensively used for making nanostructure titanium dioxide
(TiO2) [21]. The sol-gel process is important in the elaboration of these materials
because of their light conditions such as low temperature and pressure requirements.
This process provides an appropriate way to combine inorganic and organic
ingredients as a homogeneous material [22]. TiO2 nanoparticles prepared by a sol-gel
method with two steps, first one is using acid-catalyzed with other solvents that consist
of water, titanium alkoxide and alcohol as a precursor, the second step is the
condensation of the hydroxyl group to form a three-dimensional network [23].
TiO2 nanoparticles prepared by sol-gel method using different type of acid, the effect
of acid type on the composition and crystal phase has been studied, where obtained
pure anatase with sample used H3PO4 as catalyzed and mixed anatase and rutile
obtained with other samples. However, the largest surface area, highest PA and smaller
particle size observed in order as catalyze used (H3PO4 ˃ HNO3 ˃ H2SO4 ˃ HCl) at
same pH [24].
The morphology and phase composition of TiO2 has been affected both by type and
amount of acid that is used as a catalyst in the preparation of TiO2 using TTIP as a
precursor [25, 26]. However, preparation conditions, type of precursor and solvent
effect on the crystal size and structure, revealed that the best conditions were found in
the preparation of titanium dioxide with using TTIP as precursor [27]. Also, the pH
has been effected on PA of titanium dioxide nanoparticles that prepared by a sol-gel
method, where it was observed that at high pH, the surface was negatively charged
that means increasing catalyst surface, whereas, at low pH, the surface was positively
charged eventually leads to decrease absorption [28].
6

Small particle size with anatase phase was obtained after calcination until 600 ºC by
using the sol-gel method at room temperature, while creating the larger particle size
by using the same method at 80 ºC and the results showed that anatase transformed to
rutile in the range of 550-650 ºC [29]. The crystallite size has been affected by
calcination temperature and time of aging, it was observed that the crystallite size
increased when the calcination temperature and gelatinization time were increased
[30].
2.3.2. Dip Coating Method

Simple sol-gel dip-coating technique used in the preparation of thin or thick TiO2 films
on various substrates and note that the thickness of the films depends on the viscosity
of the precursor sol [31]. It was also found that the usage of TiO2 in the form of powder
had many problems, where it prevents the light to diffuse efficiently in the system, in
addition to the separated problems of powders after organic decomposition, that leads
to increase the number of operations [32].
Titanium dioxide can be coated on the various substrates by using many techniques,
and it was found that glass substrate is commonly used because it has many features
such as high transparency to UV light, good resistance to high temperatures and
corrosive environments, the sol-gel dip-coating method was used to prepare a thin film
of TiO2 in several layers. It was observed that increasing the layers number leads for
increasing the form of anatase phase [33].
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2.4. TiO2 as Photocatalyst

TiO2 has been well selected as catalysts to remove organic pollutants in water under
the UV light. Recent studies have also shown that TiO2 is used as a photocatalyst in
the form of nanopowder that is much more effective than larger size [34]. When the
surface of TiO2 ( or any other photocatalyst) is irradiated by UV lamp, electrons (eCB) and holes (h-CB) are created in the conduction (CB) and valence bands (VB),
respectively [35].
The mechanism of the electron hole-pair formation when the TiO2 is irradiated is given
in Figure 2.2.

Figure 2.2. The mechanism of photocatalysis on TiO2 nanoparticles [36].
Titanium dioxide as a photocatalyst is mostly used in water treatment to decompose
organic compounds and this phenomenon can be observed by using dye and applying
the UV lamp with different concentrations of TiO2 as a catalyst.
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TiO2 film that had been evaluated by using methylene blue as dye showed the best PA
with anatase phase [37]. By using the same material and dye, the effect of catalyststype and calcined at two different temperatures showed that acidic catalyst caused
anatase phase while alkaline catalyst caused rutile phase of TiO2 and the highest PA
was from anatase phase that containing acidic catalyst [38]. However, the acid catalyst
have an important effect on the morphology and photocatalytic activity of the thin
films of TiO2 that had been prepared using TTIP as precursor and using different acids
as catalyst [39].
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CHAPTER 3
Experimental Study
3.1. Materials and Methods
3.1.1. Chemicals and Instruments

All chemicals used in this work and their details as shown in Table 3.1.

Table 3.1. The chemicals used and their details
Chemicals

Molecular formula

Titanium tetraisopropoxide

TTIP

97%

Aldrich

Nitric acid

HNO3

70%

Aldrich

Hydrochloric acid

HCl

37%

Aldrich

Acetic acid
(glacial)

CH3COOH

100%

Merck

Ethanol absolute

C2H5OH

99%

Merck

10

Purity (%) Manufacturer

All instruments used in this work are summarized in Table 3.2 with their company.

Table 3.2. The instruments used and their company
No.

Instruments

Company

1

Magnetic stirrer

Daihan (Korea)

2

pH-Meter

WTW (Germany)

3

Furnace

Protherm

4

Drying Oven

Jisico

5

Centrifuge

Hermle

11

3.1.2. Schematic Diagram

The schematic diagram of the experimental work starting from the material up to
device formation is illustrated in Figure 3.1.

Synthesis of TiO2 nanoparticles

Sol-gel method

TTIP + ethanol + distilled water + acid amount

Gelation

1
day

Dry gel at 80 ºC

Calcination

Examination of TiO2

XRD

SEM

UV Test

Figure 3.1. Flowsheet of experimental work.
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3.2. Synthesis of TiO2 Nanoparticles via Sol-gel Process

The graphical scheme showing the steps in the synthesis of TiO2 nanoparticles via solgel process is illustrated in Figure 3.2.

Add (TTIP) dropwise

Ethanol +
DW + acid
For 30 min

Magnetic stirrer

Drying gel at 80 ºC

Grinding
by using
a mortar
with
pestle

aging per 1 day

Gel

Fine particles

Sol

Powder

Figure 3.2. The scheme showing the steps in the synthesis of TiO2 nanoparticles via
sol-gel process.

TiO2 nanoparticles were prepared using TIP as a precursor for all experiments. First,
different amount of different acids (CH3COOH, HNO3, and HCl)) was added to the
beaker containing 0.9 ml distilled water and 23.5 ml ethanol absolute. Second, 2.35 ml
of TTIP was added dropwise to the solution during magnetic stirring for 30 min at
room temperature (25 ºC). The sol was left at room temperature for 1 day to form a
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gel. Then, the gel was dried in an oven at 80 ºC for 24 h to remove all moisture and to
get fine particles. The fine particles were obtained in the form of agglomerate that were
crushed to obtain powder for all synthesis conditions. After that, the powders were
calcined at 550 ºC per 1 h in air. The heating and cooling rates were 2 and 6 ºC/min,
respectively for all powders. Dry gels synthesized by using acetic acid, were calcined
at temperatures of 450, 550, and 650 °C to see the effect of calcination temperature on
the morphology of the powders.
3.2.1. Synthesis of TiO2 Nanoparticles by Using Different Acids

Three different powders of TiO2 were synthesized using different acids. The pH of the
solution was adjusted to 4 for to see the effect of the acid type on the formation and
morphology of the TiO2 nanoparticles synthesized. The amount and type of acid used
for the powders synthesized are illustrated in Table 3.3.
Table 3.3. Acid amount and type
Sample name

The type of acid

The amount of acid

pH

CH-4

Acetic acid
(CH3COOH)

0.5 ml

4

HCl-4

Hydrochloric acid
(HCl)

0.02 ml

4

HN-4

Nitric acid (HNO3)

0.02 ml

4

3.2.2. Synthesis of TiO2 Nanoparticles by Using Different pH

Three different powders of TiO2 were synthesized by using different amount of HCl
to obtain different pH, so that the effect of pH on crystallite size and the morphology
of TiO2 nanoparticles could be determined. The amount and pH of HCl used for the
powders synthesized are illustrated in Table 3.4.
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Table 3.4. The amount and pH of HCl
Sample name

The amount of hydrochloric acid

pH

HCl-1.5

0.2 ml

1.5

HCl-2.8

0.08 ml

2.8

HCl-3.3

0.04 ml

3.3

3.3. Preparation of TiO2 Coating

A coating solution was prepared from the powders synthesized by using HCl as a
catalyst at pH 4 to get a coating layer on the glass substrates by dip–coating technique.
Preparation conditions for the three films are given in Table 3.5. First, the glass
substrate was cleaned by immersing it in the beaker containing ethanol for 2 h and then
dried in an oven at 80 ºC for 30 min. Second, the substrate was dip-coated by
immersing it in the coating solution for a minute and then dried in an oven at 80 ºC for
10 min. This operation was repeated three times to increase the coated layer thickness.
The three films prepared were calcined at 550 ºC at a heating rate 2 ºC/min for 1 h.
Table 3.5. TiO2 films prepared by dip – coating
Sample name

The cycles

Drying

Calcination (ºC)

a

1 time

80 ºC for 10 min

550

b

3 times

c

5 times

80 ºC for 10 min after
every dipping
80 ºC for 10 min after
every dipping
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550

550

3.4. Sample Characterizations
3.4.1. X-Ray Diffractometer (XRD)

The phase(s) present in the TiO2 nanoparticles synthesized for all conditions was
identified by using X-Ray Diffractometer (Rigaku, D/MAK/B, Tokyo, Japan). All the
powders were scanned continuously from 2θ of 20º to 80º at a scanning rate of 2/min
with 0.02º increments. The peak positions and intensities for all the powders are
compared with the patterns in the JCPDS (Joint Committee on Powder Diffraction
Standards) database. The average crystallite size was calculated by using the Debye –
Scherer’s equation [40]:
D = 0.9 λ / β Cos θ

(1)

where D is the mean diameter of particles, λ is the wavelength of x-ray, θ is the
Bragg angle, β is the line broadening at half the maximum intensity (FWHM).
3.4.2. Scanning Electron Microscopy (SEM)

All the powders were examined by scanning electron microscopy (Nova Nanosem
430) to reveal the morphology and particle size of the TiO2 nanoparticles synthesized.

3.4.3. Photocatalytic Measurement

The photocatalytic activity of all of the TiO2 nanoparticles synthesized was evaluated
through degradation of methylene blue (MB) solution under a 125 W UV lamp with a
wavelength at 365 nm and continuous stirring using a magnetic stirrer. Before the
photocatalytic tests were done on the powders synthesized, MB solution was examined
without adding the powder for comparison of the results. The distance between the
source and the surface of Pyrex container (300 mL capacity) was 5 cm. In order to
keep the temperature of the solution constant during the reaction, water was circulated
through the annulus of the jacket quartz tube.
Photocatalytic tests were done using 120 mL of MB solution. The MB solution was
prepared first by dissolving 20 mg of MB in distilled water to get a concentration of
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20 mg/L and then adding TiO2 nanoparticles to this solution under continuous stirring
to get the TiO2/MB concentration of 100 mg/20 ml. Before illumination of the UV
light, the suspension aqueous solution containing 20 ml of MB and 100 mg of a catalyst
was stirred continuously in dark for 30 min to ensure adsorption/desorption
equilibrium. Initial concentration of MB before dark mixing was used as the initial
value for further kinetic treatment of the photodecomposition processes to identify
adsorption values. After that, 3.5 ml of the suspension was taken from the suspension
at 30 min, 60 min, and 90 min under the UV light using a syringe. Then, a separation
of the powders was done using the centrifuge at 6000 rpm for 15 min, and was analyzed
using the UV–Vis spectrophotometer (Shimadzu UV-1800) to determine the
concentration of MB. The removal efficiency of the photocatalyst was calculated as
follows:

Degradation %

=

(Cₒ - C)/Cₒ ˣ 100

(2)

Cₒ = absorbance value under dark per 30 min at 664 nm.
C = absorbance value under UV light per 30 min, 60 min, and 90 min at 664 nm.
where Cₒ and C are the concentrations of MB at initial and different irradiation times,
respectively [41, 42]. The experimental set up used for the determination of the
photocatalytic activity of the powders is shown in Figure 3.3.

Figure 3.3. Photoreactor system used for measuring the photocatalytic activity of the
powders.
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3.5. Photocatalytic Reactor for Water Treatment

As shown in Figure 3.4 a monitoring system was designed to test the photocatalytic
efficiency of the glass substrates coated with titanium dioxide. A 5000 ml glass basin
with open nozzles above it and a nozzle below was designed to rotate the liquid using
a pump (Shenchen, YZ1515x) with a speed of 150 rpm. The light used to irradiate the
material to be stimulated was placed in the center of the glass basin. The design of a
plastic circle containing a total of small openings in order to be placed cylindrical glass
pillars that are covered with TiO2 solution.

Figure 3.4. Photocatalytic reactor used to test the photocatalytic efficiency of the
glass substrates coated with TiO2 powders.
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3.6. Surface Characterization
3.6.1. UV – Visible Spectrometry

The transmittance measurement was performed at room temperature with an LR1-B
spectrometer (ASEQ, Canada), the spectra were generated at 90 W and the laser
wavelength was 525.4 nm.

3.6.2. Hydrophilicity Measurement

All the samples prepared by dip–coating technique were tested by contact angle (CA)
measurement (Phoenix 300). A drop (~2 µl) of distilled water was dropped on the
surface of TiO2 powders coated glass substrate (slide) to find the value of CA so as to
determine the hydrophobicity and hydrophilicity of the samples a, b, and c. The
measurements were applied to each of the slide surfaces. The CA was measured
according to the shape of the water drop.
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CHAPTER 4
Results and Discussion

4.1. Structural and Morphological Analyses

Structural and morphological analyses of all the powders synthesized was done
according to the procedure described in Section 3.4. Results are presented in the
subsections below.
4.1.1. X-Ray Diffraction (XRD) Analyses

Figure 4.1 shows the XRD patterns of the as synthesized powders by using different
acid at pH of 4. Regardless of the kind of acid used, no diffraction peaks appeared in
the XRD patterns of all of the as synthesized powders. Powders had only amorphous
phase(s).
Figure 4.2 shows the XRD patterns of the powders synthesized by using different acid
at pH of 4 and then calcined at 550 ºC in air for 1 h at a heating rate of 2 ºC/min. The
peaks at the angles of 25.3, 37.8, 48, 54, 55, 62.8, 68.7, 70.3, and 75⁰ correspond to
the (101), (004), (200), (105), (211), (204), (116), (220), and (215) planes, respectively
of the anatase phase of TiO2. All the diffraction peaks agree with the Joint Committee
on Powder Diffraction Standard database of the anatase phase (JCPDS 21-1272). No
peaks belonging to rutile and brookite phases were detected in the powders. Similar
results were reported by Zhou et al. [43] who attributed the formation of only anatase
phase to the strength chemical coordination to titanium.
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Figure 4.1. XRD patterns of the as synthesized powders by using different acids. A)

(101)

CH3COOH, B) HCl, and C) HNO3.
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Figure 4.2. XRD patterns of the calcined powders synthesized by using different
acids. A) CH3COOH, B) HCl, and C) HNO3.
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For all samples, very sharp and narrow XRD peaks indicate good crystallinity.
Samples CH-4 and HCl-4 possessed only anatase phase and no noise while sample
HN-4 had low noise along with anatase phase. A higher intensity of the peak at 2θ of
25.3⁰ degree suggests that crystallinity (anatase phase) in the powders was in the order
of the samples CH-4 ˃ HCl-4 ˃ HN-4 implying that CH3COOH is better catalyzer than
HCl and HNO3 for the acid assisted sol-gel synthesis of titanium dioxide (TiO2)
powders. This may be due to the fact that Ti has higher affinity in the order to
CH3COO- ions > Cl- ions> NO3- ions, which promoted anatase crystallization. The
findings suggest that the amorphous phase(s) present in the as synthesized products
turn into the crystalline anatase phase after calcination temperature at 550 ⁰C.
The increase in the intensity of anatase phase due to the type of acid used during
synthesis is related to the size of the crystallites present in the structure as well as the
percent crystallinity of the powders. Phase composition and crystallite size are
presented in Table 4.1. Sample CH-4 that had high intensity of anatase phase had a
crystallite size of 23.8 nm. Smaller crystallite size with low intensity of anatase phase
in sample NH-4 revealed a crystallite size of 15.9 nm.
Table 4.1. The crystallite size and phase composition of the powders synthesized by
using different acids.

Sample name

Type of acid

Crystallite size (nm)

Phase composition

CH-4

CH3COOH

23.82

Anatase

HCl-4

HCl

22.48

Anatase

HN-4

HNO3

15.96

Anatase

The sol–gel formation made the rearrangement of arbitrary bonds in the precipitation
process toward the defined structure of anatase. The presence of acid accelerated the
formation of anatase [44]. Acid works like chemical catalyst and accelerates crystal
growth [45]. Considering the structures of the titania polymorphs, it is obvious that
linear chains can only form rutile-type nuclei, while skewed chains are restricted to
forming anatase-type nuclei [46].
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In order to understand the mechanism of the formation of anatase and rutile from
[TiO6] octahedrons and to illustrate the polymerization process between [Ti(OH)2 Rn
(OH2)m]2-n monomers, it is reasonable to assume that R in [Ti(OH)2 Rn (OH2)m]2-n
occupies a position while OH and H2O occupy b position [47]. Since the ion radius of
CH3CO-O-, Cl-, and NO3- was larger than that of OH-, so these ions in [Ti(OH)2
(CH3CO-O)2 (OH2)2, Ti (OH)2 Cl2 (OH2)2 and Ti (OH)2 (NO3)2 (OH2)2] monomers
would be eliminated with aquo ligands elimination and formation of skewes chains
[48].
Figure 4.3 shows the XRD patterns of the powders synthesized by using CH3COOH
as a catalyst at pH of 4 and then calcined at 450, 550, and 650 ⁰C in air for 1 h. Only
anatase phase was detected in the XRD patterns of all of the powders calcined at all
temperatures. It was observed that as the calcination temperature increased, the
intensity (accordingly the amount) of the anatase phase increased suggesting a better
crystallinity. The increase in the anatase phase is reflected to the increase in the
crystallite size because high temperature increases the tendency of crystal growth;
hence, to achieve complete crystallization [49].

23

(101)

(215)

(116)
(220)

(204)

F

(105)
(211)

(200)

(004)

intensity (a.u)

 : Anatase phase

E
D
20

40

60

80

2 (degree)

Figure 4.3. XRD patterns of the powders synthesized by using CH3COOH as
catalyst and then calcined at different temperatures. D) 450 ºC, E) 550 ºC, and F) 650
ºC.
The crystallite size and phase composition of the powders synthesized by using acetic
acid as catalyst and then calcined at different temperatures are presented in Table 4.2.
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Table 4.2. The crystallite size and phase composition of the powders synthesized by
using CH3COOH as catalyst and then calcined at different temperatures.
Sample

Calcination

Crystallite size

Phase

name

temperature

(nm)

composition

CH-450

450 ºC

16.82

Anatase

CH-550

550 ºC

23.82

Anatase

CH-650

650 ºC

48.24

Anatase

Many researchers mention that insufficient calcination temperature may lead to
undesirable amorphous phase [50]. When a comparison is made it is seen that sample
CH-450 had lower intensity peak and smaller crystallite size than samples CH-550 and
CH-650. The results revealed that the calcination temperature of 550 ºC was
appropriate for the formation of only anatase phase with high crystallinity and small
crystallite size. On the other hand, sample CH-650 had a very high intensity of the
anatase phase with unknown small XRD peaks at 2θ of 22.8⁰ and 24.2⁰ angles and
large crystallite size. These small peaks due to the free interference by crystalline
phases [51]. A number of researchers have attempted to increase crystallinity by
changing the temperature of calcination to improve photocatalytic activity [52, 53].
Figure 4.4 shows XRD patterns of the powders synthesized at pH of 1.5, 2.8, 3.3, and
4 by using HCl as a catalyst and then calcined at 550 ºC in air for 1 h. The peaks in the
25.3, 37.8, 48, 54, 55, 62.8, 68.7, 70.3, and 75⁰ angles correspond to the (101), (004),
(200), (105), (211), (204), (116), (220), and (215) planes, respectively of the anatase
phase. While the peak at the angle 27.42⁰ correspond to the (110) rutile phase (JCPDS
21-1276).
For samples (HCl-1.5), (HCl-2.8), and (HCl-4) the peaks appeared very sharp, only
anatase phase with no noise was observed. However, for the sample (HCl-3.3), the
anatase phase with a very tiny amount of rutile was observed.
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Figure 4.4. XRD patterns of the calcined powders synthesized by using HCl as
catalyst at pH of A) HCl-1.5, B) HCl-2.8, C) HCl-4, and D) HCl-3.3.
The phase compositions are calculated from the following equation [54]:

Content of anatase (%) = IA / (IA + 1.26 IR) ˣ 100

(3)

Where IA and IR are calculated from the main peak intensity of the characteristic
anatase (101) and rutile (110) differections, respectively.
The average crystallite sizes and phase composition of the powders are presented in
Table 4.3.
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Table 4.3. The crystallite sizes and phase composition of the powders synthesized at
different pH using HCl as a catalyst.
Phase composition
Sample name

pH

(wt.%)

Crystallite size (nm)

Anatase

Rutile

HCl-1.5

1.5

26.40

100

0

HCl-2.8

2.8

21.58

100

0

HCl-3.3

3.3

27.77

97.74

2.26

HCl-4

4

22.48

100

0

The composition phase and crystallite size of TiO2 depends on the pH value [55]. On
the other hand, different results were reported by Salahinejad et al. [56] who found
that the pH value did not affect the morphology and crystallite size of TiO2. In the
other report [57] the pH value directly affects the crystallization and particle size. It
was also found that at high pH anatase phase will be formed while rutile is formed at
low pH [58, 59]. In our work, at pH 4 was only anatase phase of TiO2. With increasing
acid concentration that adjusted at pH 3.3 the high peaks of anatase phase with a very
small peak of rutile were obtained. Further increasing HCl concentration that adjusted
at pH 2.8 and 1.5, only anatase phase with different peaks intensity were observed.
Mutuma et al [60] have reported that the mixed anatase/brookite phase calcined at 600
°C, and pure TiO2 rutile phase calcined at 800 °C were observed in high acidic
condition. While Tsega et al [55] have reported a mixed anatase, brookite and rutile
phase formed at pH 3.2, and pure anatase phase formed at pH 4.5 using HCl as a
catalyst.
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4.1.2. SEM Analyses

Figure 4.5 shows the SEM images of the powders synthesized by using CH3COOH,
HCl, and HNO3 at pH of 4 and then calcined at 550 ºC in air for 1 h. SEM examinations
revealed that the morphology of all of the powders was consisted of agglomerates of
nanoparticles of various sizes. The average particle size as obtained by Image
Processing analytical software was 11.8, 10.8, and 10.7 nm for the powders
synthesized by using CH3COOH, HCl, and HNO3, respectively. The particle size as
determined from SEM images is close to that calculated from XRD measurements. It
is obvious that the smallest particle size belongs to the sample synthesized by using
HNO3. An irregular distribution of particles as either a single particle or a cluster of
particles has been noticed.
The images shown in Figure 4.5 revealed that the particles synthesized by using HCl
as a catalyst are agglomerated as small clusters while the particles synthesized by using
HNO3 are highly agglomerated as chunks or blocks. It was clear that when CH3COOH
was used as catalyst, particles agglomerated as a big chunk and the agglomerates were
irregular in shape. The findings agree with those reported by Golobostanfard et al. [61]
who prepared TiO2 powder by the sol-gel process using TTIP as precursor followed
by calcination at 450 ºC. They reported that the formation and morphology of TiO2
could be affected by the type of acid.
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Figure 4.5. SEM images of the calcined powders synthesized by using different acids.
a) CH3COOH; 500X, b) CH3COOH; 3000X, c) HCl; 500X, d) HCl; 3000X,
e) HNO3; 500X, and f) HNO3; 3000X.
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Figure 4.6 illustrates the SEM images of calcined powders synthesized by using HCl
as catalyst at different pH. SEM studies revealed that the particles synthesized by using
HCl at pH of 4 as a catalyst are agglomerated as small clusters while the morphology
of the synthesized powders using HCl at pH of 3.3, 2.8, and 1.5 are composed of
randomly and irregularly aggregated powders as a bulk. The average particle size as
determined from SEM images was 13.4, 11.2, 15.4, and 10.77 nm for the powders
synthesized at pH of 1.5, 2.8, 3.3, and 4, respectively. Particle size data obtained from
SEM study was different from that obtained from XRD measurements, may be due to
the PH effect on the particle size. When the phase transformed from anatase to rutile
occurs, the particle size increases dramatically [62]. The pH value has an important
role in the preparation of TiO2 nanoparticles by affecting its surface and optical
properties, where the surface energy decrease when the aggregation tendency increase
[63]. The final size of TiO2 nanoparticles was affected by the pH value in the solution
[64, 65].
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Figure 4.6. SEM images of the calcined powders synthesized by using different pH.
a) pH 1.5; 500X, b) pH 1.5; 1000X, c) pH 2.8; 500X, d) pH 2.8; 1000X, e) pH 3.3
500X, f) pH 3.3; 1000X, g) pH 4; 500X; and h) pH 4; 1000X.

4.2. Photocatalytic Activity (PA) Analyses

Photocatalytic activity of all the powders synthesized was measured according to the
procedure given in Section 3.4.3. Results are presented in the subsections below.

4.2.1. TiO2 Nanoparticles by Different Acid

The absorbance spectra obtained after 30, 60, and 90 minutes of UV illumination for
the powders synthesized at pH of 4 by using CH3COOH, HCl, and HNO3 and then
calcined at 550 ºC in air for 1 h are given in Figure 4.7. The absorbance spectra
obtained after 90 minutes of UV illumination for the MB solution was included in the
figures for comparison purposes. It was noted that the degradation of MB increased as
the illumination time increased for all powders. Table 4.4 shows the MB degradation
of the powders synthesized.
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Figure 4.7. Absorbance spectra obtained after 30, 60, and 90 min of UV illumination
for the calcined powders synthesized using different acids. A) CH3COOH, B) HCl,
and C) HNO3.
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Table 4.4. Percent MB degradation of the powders synthesized by using different
acids after different illumination time.

Sample
name

% MB degradation after UV illumination time (min)
30

60

90

CH-4

64.9

88.7

98.3

HCl-4

76.2

95

98.1

HN-4

73.4

92.6

98.2

The values in the table represent the photodegradation efficiency of the powders. The
measurements clarified that blue color of MB solution was completely removed after
60 minutes of UV illumination for all of the powders synthesized by using CH3COOH,
HCl, and HNO3. The degradation percentages were fairly close to each other although
a little differences that emerged after 30 and 60 minutes of illumination, where the
photocatalysis efficiency for the prepared samples was HCl-4 > HN-4 > CH-4. While
the results were almost the same after 90 minutes of illumination as shown in Figure
4.8. It was inferred that there is a little effect on the activity of photocatalysis when the
acid type is changed. However, in order for the material to have a good photocatalytic
efficiency, it should have a high surface area and good crystallinity [66]. A number of
researchers have attempted to increase crystallinity by changing the temperature of
calcination and found that when crystallinity increases lead to enhancement
photocatalyst at the same time reduces the surface area eventually decrease
photocatalytic activity this due to increase crystallite size [52, 53].
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Figure 4.8. Time dependent photo degradation of MB under UV illumination of the
powders synthesized by using different acids. a) CH3COOH, b) HCl, and c) HNO3.

4.2.2. TiO2 Nanoparticles at Different pH values

Absorbance spectra obtained after 30, 60, and 90 minutes of UV illumination for the
calcined powders synthesized using HCl at different pH are illustrated in Figure 4.9.
It was observed that the best color removal efficiency was achieved with the powder
synthesized at pH 4. The percentage of MB degradation after 30, 60, and 90 minutes
UV illumination for the powders synthesized is given in Table 4.5.
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Table 4.5. Percent MB degradation of the powders synthesized by using different pH
after different illumination time.

Sample
name

% MB degradation after UV illumination time (min)
30

60

90

HCl-1.5

53.3

76.8

92.2

HCl-2.8

77.6

93.1

97.8

HCl-3.3

29

53.9

75.7

HCl-4

76.2

95

98.1

The difference in the percentage of photodegradation efficiency may be due to the
difference in the crystallinity, particle size and crystallite size of TiO2. The increase in
the size of crystals as large crystals has a lower bandgap caused by quantum volume
effects [67]. On the other hand, the increase in photocatalytic activity is caused by an
increase in grain size, roughness, enhanced titanium crystallization and lower number
of defects in the samples [37].
Time dependent photodegradation of MB under UV illumination of samples prepared
using HCl at different pH is shown in Figure 4.10.
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Figure 4.9. Absorbance spectra obtained after 30, 60, and 90 min of UV illumination
for the calcined powders synthesized by using HCl at different pH. A) HCl-1.5, B)
HCl-2.8, C) HCl-3.3, and D) HCl-4.

Figure 4.10. Time dependent photodegradation of MB under UV illumination of
samples prepared using HCl at different pH. a) HCl-1.5, b) HCl-2.8, c) HCl-3.3 and
d) HCl-4.
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The photodegradation rate attributed to the difference of the nature of the surface
charge on the catalyst surface and this due to the change in the pH of the solution [28].
Our results showed that higher photdegradation was with the sample prepared at pH
of 4 while lower photodegradation was with the sample prepared at pH 3.3 Figure 4.10
showed that the photodegradation rate increases with decreases of the particle size in
the sequence HCl-4 > HCl-2.8 > HCl-1.5 > HCl-3.3. These findings agree with those
reported by Dariani et al [2] who studied photodegradation rate on the methylene blue
by using TiO2 nanoparticles. They found that particle size has an important role in the
photocatalytic activity due to the surface area. Sample HCl-1.5 that had a higher
intensity of anatase phase had a crystallite size of 26.4 nm, and photodegradation of
methylene blue showed 92.2% after 90 min. While samples HCl-4 and HCl-2.8 had
the lower intensity of anatase and smaller crystallite size than other samples, the
photodegradation of methylene blue was 98.1% and 97.8% after 90 min, respectively.
We may conclude from these data that the rate of photodegradation is strongly
influenced by crystallite size, the crystallinity of anatase phase, and particle size. Small
crystallite size with pure anatase phase is desirable to higher photocatalytic activity
[68].

4.2.3. TiO2 Layer Coated on Glass Substrate

The glass pillars used in the monitoring system have been coated by using the TiO2
powder having the highest PA. 30 of glass pillars was coated for 1 time, 3 times, and
5 times using 150 mg, 450 mg, and 750 mg of TiO2, respectively. Before starting the
system to measure PA using a catalyst, the MB was examined without using the
catalyst for 7 h to ensure that light used in the system does not affect the dye. After
that, the examination was carried out on the coated pillars for 7 h. Percent MB
degradation of the coated layers was noted at 1 h interval. Data is tabulated in Table
4.6. It was observed in Figure 4.11 that the degradation of MB increased when
illumination time increased. The results showed that increasing the number of coating
layers, hence increasing the amount of TiO2, lead to increase in PA as shown in Figure
4.11. The photocatalytic efficiency of TiO2 could be affected by the crystalline
structure and the surface morphology of films [69]. It is clear that the rate of
photodegradation depends on the thickness of the substrate, the decay rate was found
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to increase with film thickness [70]. The findings agree with those reported by
Kajitvichyanukul et al [8] who prepared TiO2 films with different cycles of the coating.
They found that the film properties were influenced by coating cycle, and the highest
photocatalytic activity was with the highest amount of anatase.
Table 4.6. Percent MB degradation of the coated layers after different illumination
time.

Sample
name

% MB degradation after UV illumination time (h)
1

2

3

4

5

6

7

a (1 time)

3.1

10.7

15.3

15.4

16.9

24.6

26

b (3 times)

23

29

32

36

40

43

49

c (5 times)

34

34.2

35.6

39

52

63

67

40

Figure 4.11. Absorbance spectra of TiO2 layer coated: a) 1 time, b) 3 times, and c) 5
times.

41

Figure 4.12. Percent the efficiency of TiO2 coated layers: M) MB, a) 1 time, b) 3
times, c) 5 times.

4.3. Surface Characterizations

Surface characterizations of all the powders synthesized was performed according to
the procedure given in Section 3.6. Results are presented in the subsections below.
4.3.1. Hydrophilicity Measurements

Contact angle image for bare (uncoated) glass substrate is seen in Figure 4.13. Contact
angle of a water drop on a bare glass substrate was 36.41°.

42

Figure 4.13. Contact angle image for bare glass substrate.

Table 4.7 presents the hydrophilicity of the samples calcined at 550 ºC for 1 h. Figure
4.14 shows water droplets on the 1 time, 3 times and 5 times TiO2 particles coated
slides. The measured wettability of the coated slides for 1 time, 3 times, and 5 times
coated slides was 17.3º, 11.6º, and not measurable (~0º), respectively. Through the
results, the contact angle of the bare glass substrate was reduced from 36.41⁰ to 17.3⁰
after being covered by TiO2 nanoparticles for one cycle. In addition, it was found that
when increasing the amount of TiO2 by increasing the number of cycles on the slides
reduces the value of the contact angle, which means increasing hydrophilicity. It is
clear that the highest hydrophilicity value was achieved in coated sample prepared for
5 times with value of ~0º, meaning that the water drop was wholly spread on the slide.
The decrease in water contact angle with increasing coating may be due to the
acceleration of O2 formation, with the effect of decreasing recombination and
increasing product yields initiated by h+ or OH [71].
Higher hydrophilicity leads to the high surface area [72, 73]. The contact angle value
less than 5º without using UV light means the surface is superhydrophilic. It is obvious
that an increase in the thickness of TiO2 films lead to increase hydrophilic wetting
[74]. When a water drop is dropped on the surface of the coated glass, the water
molecules take up oxygen vacancies, and hydrophilic OH groups are adsorbed on the
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surface, which resorts to making the surface superhydrophilic [75,76]. The contact
angle of the layers are shown in Figure 4.14.
Table 4.7. Hydrophilicity of the samples calcined at 550 ºC for 1 h.
Number of TiO2 coating

Contact angle (degree)

1 time

3 times

5 times

17.3

11.6

not measurable

Under different experimental conditions, the difference in the values of the contact
angle was found to be due to the difference in the amount of OH groups on the surface
of TiO2 substrates [77]. In our results, we got the contact angle close to zero which
means superhydrophilicity. This may be due to the reaction on the surface containing
more hydroxide compounds that boost water from the surface.
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Figure 4.14. The contact angle of layers coated. A) 1 time; side view, B) 1 times;
top view, C) 3 times; side view, D) 3 times; top view, E) 5 times; side view, and F)
5 times; top view.

45

4.3.2. Measurement of Transmittance

Figure 4.15 shows the transmission spectra of TiO2 films with different layers recorded
by UV-visible range. The transmittance of samples was 59%, 69% and 77% for 5
times, 3 times and 1 time TiO2 particles coated slides, respectively. Note that reducing
optical transmittance by increasing the number of coating layers on glass slides, which
explains the thickness of coated films. The roughness and surface thickness of TiO2
films have a clear effect on optical transmittance, as increased roughness reduces the
peak value of permeability [78]. It was observed that the amplitude of the interference
spectra varies with the change in the amount of the catalyst due to the difference in the
thickness of TiO2-coated glass. While Danish et al [67] have reported that the
difference in observed film permeability can be attributed to variations in surface
formations, crystal size and surface defects, resulting in reduced permeability due to
light dispersion. The five layers has shown transmittance (59%) in the visible region.
The reduction in permeability in the ultraviolet (UV) region can be attributed to the
semiconducting nature of TiO2-coated glass due to the presence of band gap [79]. On
the other hand, Mardare et al [80] reported that the shape of transmission spectra is
influenced by the nature of the substrate, and may have little effect on the surface
roughness of the substrate.
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Figure 4.15. Transmittance spectra for TiO2 films by synthesis with (a) 1 time, (b) 3
times, (c) 5 times.
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CHAPTER 5
Conclusions
The effect of different acids and different pH was investigated and the findings showed
that the type of acid strongly influences the crystallinity, crystallite size, and shape of
anatase TiO2. The crystallization of the anatase phase depended on the ions, where Ti
has a higher affinity in the order to CH3COO- ions > Cl- ions> NO3- ions. Also, it was
found that the pH value influenced on the composition phase, particle size,
crystallinity, and crystallite size. Only the anatase was obtained at pH 4, 2.8, and 1.5
whereas anatase with a small amount of rutile obtained at pH 3.3, also, it was observed
that increasing the calcination temperature affects increase the crystallinity and the
size of the crystals. However, the UV test data reveals that the sample prepared using
HCl at pH of 4 has the highest photocatalytic activity in the order 76.2%, 95%, and
98.1% in 30, 60, and 90 min, respectively, depending on the crystallinity of anatase
phase, particle size, and crystallite size. While the lowest photocatalytic activity was
75.7% after 90 min for the sample prepared at pH 3.3 that reveals anatase phase with
a small amount of rutile, larger particle size, and large crystallite size. TiO2 coated
glass was successfully prepared with different cycles and found that the cycle influence
on the photodegradation rate by increasing the amount of TiO2. The coating cycle has
affected the hydrophilicity properties of TiO2 coated glass.
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