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ABSTRACT 

This project consists of three main parts:  

Part one includes the preparation of molybdenum trioxide as α-

MoO3 nanobelts using a hydrothermal method. In this way, the 

dimensions of the prepared material were controlled by the reaction 

between sodium molybdate dihydrate as a precursor and dilution HCl. 

The α-MoO3/TiO2 nanocomposite was prepared in a w/w ratio of 0.25 (α-

MoO3): 9.75 (TiO2) using the ultrasonic waves technique, which is fast, 

simple, and regarded as a friendly environment method.  

Part two deals with the characterization of prepared α-MoO3, α-

MoO3/TiO2 nanocomposite, and commercial TiO2. The XRD analysis  

conformed that the α-MoO3 and its nanocomposite with TiO2 are 

successfully prepared based on appeared the strong intensity peaks at 

miller indicates (020), (040), and (060). SEM analysis indicated the shape 

of prepared α-MoO3 and found to be nanobelts, while the shapes of TiO2 

and α-MoO3/TiO2 nanocomposite are semi-spherical and semi-spherical 

agglomerate  respectively . The FT-IR spectra were confirmed to 

synthesis the α-MoO3 and α-MoO3/TiO2 nanocomposite with appeared 

the peaks of metal-oxygen bonds at 675 cm
-1

 for Ti-O and at 559 cm
-1

 for 

Mo-O. The calculated band gaps (Bg) by the Tauc equation  detected that 

all the catalysts are a photocatalyst, and demonstrate the commercial TiO2 

and the nanocomposite are having an indirect band gap, but the α-MoO3 

is having a direct band gap with 3 e V, 2.95 e V, and 2.8 eV respectively.  

Part three focuses on the ability and tests their efficiency of the α-

MoO3, TiO2, and its nanocomposite α-MoO3/TiO2 on the decolorization 

of chlorazol black BH dye as a studied model. The influence of different 

parameters on photo-decolorization of chlorazol black BH dye by using 
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the commercial TiO2, prepared α-MoO3/TiO2 nanocomposite was 

illustrated. The parameters include the dose of photocatalysts, 

temperature, and initial pH of the solution. The thermodynamic 

parameters were calculated using the Arrhenius equation, the Eyring-

Polanyi equation, and the Gibbs equation  proved this photoreaction is an 

exothermic, less random, and nonspontaneous reaction using TiO2, while 

with using α-MoO3/TiO2 nanocomposite is endothermic, less random, and 

nonspontaneous reaction. 

The activity of photodecolorization for chlorazol black BH dye  

obtained to be maximum with the using the prepared α-MoO3/TiO2 

nanocomposite that leads to increase the acidity of α-MoO3 after 

incorporated the α-MoO3 in the crystal lattice of TiO2. This photoreaction 

follows the pseudo-first-order kinetics dependent on chlorazol black BH 

dye. 
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1.1 General Introduction          

Throughout the last few decades, the wastewater amount in world 

has increase  due to the rise in human activities in some industries such as 

textile, cosmetics, industries that contain the residual dyes , and other 

usages [1-3].ُ This caused interest in seeking a safer way to treat 

recalcitrant organic contaminants through used an advanced oxidation 

process (AOPs) [4].  The AOPs are one of the emerging technologies that 

can turn organic contaminants into harmless products such as carbon 

dioxide (CO2), water (H2O), and mineral salts. So this process is 

beneficial since no require further separation of the by-product in an 

aqueous solution [5, 6]. In the other words, AOPs are a set of techniques 

that usually utilize the strong oxidizing species such as hydroxyl radicals 

(
.
OH) that have a high in situ generated oxidation potential (E

o 
= 2.8 V), 

which then activates a series of reactions that break down a 

macromolecule into smaller and less dangerous components, the AOP 

approach uses a variety of techniques to generate hydroxyl radicles (
∙
OH) 

as shown in Figure (1-1), [7-11].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (1-1). The schematic diagram for most Advanced Oxidation Processes 

applications as sources of
.
OH in photo or dark reaction [7]. 

 

UV/photo catalyst/H2O2 
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Consequently, a more promising (AOPs) technology has been 

extensively studied in which a wide range of organic dyes can be rapidly 

and non-selectively oxidized. The (AOPs) have the benefit of being 

completely environmentally friendly over both chemical and biological 

processes [12-15], cost-effective, generated large amounts of hydroxyl 

radicals, minimized the time of photo or dark reaction, and reduced the 

dangerous organic contaminations[16,17].On the other side,  the 

drawbacks of AOPs are inhibiting the rate of reaction by growing the 

scavenger’s material, and it is possible to manufacture undesirable 

hazardous products that have prevented the completion of the 

mineralization process, may use further cost steps or adjust the pH 

leading to problems effectively [7,18]. 

 

1.2 Semiconductors  

  Semiconductorsُare described as solid materials that are crystalline 

or amorphous, and are regarded as an intermediate state between a metal 

and an insulator [19]. In general, the classification of solid materials 

based on the  band gap (Bg)  [energy gap (Eg)] values can be indicated in 

the table (1-1) [7, 20]. 

Table (1-1). Classification of solid materials according to energy gap magnitudes 

at room temperature. 

Type of solid Metal Semimetal Semiconductor Insulator 

Eg values (eV) No Eg  Eg ≈ 0 0 <  Eg < 4 or 5 Eg ≥ 4 or 5 

    

Each solid material can be characterized by two energetic bands 

according to the band theory: a valence band (VB) called the high 

molecular orbital occupied (HOMO) has lower energy, filled with 

electrons , and a conductivity band (CB) called the lower unoccupied 
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molecular orbital (LUMO), has higher energy.  Based on the solid 

material types, the energetic distance between VB and CB alters, and can 

be 0.7-5 eV for semiconductors, 6-7 eV for isolators, but the distance 

between them in metals overlaps [7, 21]. Some impurities or defects in 

the semiconductor crystal lattice lead to response to additional electronic 

levels (donor or acceptor ones) placed inside the forbidden semiconductor 

gap and produced p-type and n-type of semiconductor, the generated 

requirements are listed in table (1-2) [22].   

Table (1-2).The generated requirements of p-type and n-type of semiconductor. 

p-type n-type 

The empty acceptor level is placed near to the 

valence band and can be withdrawn the 

valence band electrons, leaving behind an 

electronic hole, this case called an electron-

defect one. 

The donor level is placed close to 

the conductivity band and called as 

an electron-excess semiconductor 

one. 

When Fermi level lies  close to VB can be 

produced p-type semiconductor  

When Fermi level lies close to CB 

that will give  n-type semiconductor  

Such as NiO. Such as TiO2. 
 

 

In fact, the Fermi level is a key factor that has detected this type of 

semiconductor, meaning the chemical potential of electrons in a 

semiconductor, which depends on the presence of the majority charge 

carriers in the semiconductor [23-28].ُSeveral metal oxides such as (TiO2, 

ZrO2,   ZnO, MoO3, and WO3) and metal chalcogenides such as (CdS, 

CdSe, and ZnS) can be used as photocatalysts with direct or indirect 

bandgap [21, 29, 30]. The types of band gaps are depending on the 

symmetry of the crystal lattice band structure as shown in table (1-3) [31-

35].  
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Table (1-3). The comparison between the direct and indirect band gaps. 

Direct band gap 

 

Indirect band gap 

 

The transitions of the electrons are 

allowed, so the energy and electrons 

momentum must be conserved. 

 The transitions of the electrons are 

forbidden therefore the momentums 

cannot be conserved. 

The transition of the electron carrying out 

directly via photon (is a type of elementary 

particle, quantum light and all other forms 

of electromagnetic radiation). 

The transition of the electron carrying out 

indirectly via phonon (is the quanta of 

crystal lattice vibration energy) .    

The change in the wave factor is equal to 

zero, (∆k = 0). 

The change in the wave factor is not equal 

to zero, (∆k ≠ 0). 

The transition electron from the valence 

band to the conductance band is excited 

perpendicularly.   

The transition electron from the valence 

band to the conductance band is no 

perpendicularly transition of the electron.  

Such as ZnO (3.2-3.4 eV), CdS (2.4 eV) 

and ZnS (3.6 eV). 

Such as TiO2 (3.0-3.2 eV), spinel Mn3O4 

(2.1 eV). 

  

 

 

1.3 Photocatalysis  

It is a process that enhances the rate of chemical reactions in a 

catalytic system by light. The photocatalytic system has two types 

homogeneous and heterogeneous photocatalysis [35, 36]. In the first type, 

both the photocatalyst and chemical reactants are in the same phases, but 

the last type is achieved with various phases [36]. Heterogeneous 

photocatalytic systems are the most widely applied during the 
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photocatalytic processes, because of photocatalysts such as metal oxide 

are typically used as activators with an appropriate wavelength and easily 

produce radical chain reactions. Photocatalysts are the most preferred in 

photocatalytic oxidation of dye waste-water because they are 

inexpensive, have low to no toxicity, have tunable properties that can be 

adjusted such as size reduction, doping, or sensitizers, have multi-electron 

transfer facilities, and can be used for longer periods without losing 

photocatalytic activity [37-39].    

The catalytic material is known as photocatalyst when it absorbs 

UV or visible or solar light with energy greater than or equal to its 

bandgap (hv ≥ EBg) and enhances the chemical transformation rate of the 

reactants [25, 40]. This behavior leads to generate holes (h
+

VB) on the 

valence band and electrons (e
-
 CB) on the conduction band, which migrate 

to the photocatalyst surface and react with other species in series of redox 

reactions. The holes (h
+

VB) can be reacted with hydroxyl ion in an 

aqueous solution and produced hydroxyl radicals. Moreover, electrons (e
-
 

CB) can be reacted with environment oxygen and at last formed a double 

amount of hydroxyl radical, which regards as a powerful force for 

photoreaction. As shown in figure (1-2) [7, 38, 41]. 

 

 

 

 

 

 

 

 

Figure (1-2). Essential process in (photocatalyst/ light/ aqueous solution) system. 
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However, the advantages of absorbs light photon in photoreaction 

lead to a high quantum yield, high conversion efficiency, high activity, 

and high stability. On the contrary, the efficiency of the photocatalyst can 

be decreased by the recombination process, that occur when the electrons 

return to the valence band from the conductive band and lose energy as 

heat [37, 38]. There are four common types of recombination shown in 

Table (1-4) [7, 42-44]. 

Table (1-4). The Common Types of Recombination in Semiconductor 

Photocatalyst. 

Types info Schematic diagram 

Direct 
recombination 
(band-to- band 
recombination) 

 

The transition happens in the direct band gap 

semiconductor as a radiative transition. It is 

produced from drops of the Free photo electron in 

CB directly into the free photo hole in the VB and 

associated together. 

 

Ex. ZnO and WO3 have a direct band gap 

 

Volume 
recombination 

(centers 
recombination 

or Trap-
assisted 

recombination) 

This kind arises when semiconductor defects are 

caused by impurities that provide new levels (as 

traps of photoelectron and photohole). It 

contributes to the release of heat as a phonon in 

the semiconductor indirect band gap.  

Ex. Pure TiO2 and metal defect of TiO2, which 

created an indirect band gap. 

 

Surface 
recombination 
(recombination 
of an exciton) 

If the traps capture the photo electron-hole as 

exciton at or near the semiconductor surface or 

semiconductor interface, this occurs at low 

temperature. That attitude to dangling bonds 

induced by the sudden discontinuation of the 

semi-conductor crystal with energy just below the 

band gap value.  

Ex. In solar cells and light-emitting diode (LED) 

with shallow levels, this happed.  

 

Auger 
recombination 

 Three carriers are involved in this recombination: 
Free photo electron, free photo whole recombine, 
and the energy emitting as heat or as a photon 
(non-radiative process). The energy transition 
deals with intra-band transitions, resulting when 
either electron rises at  higher levels of conduction 
band or hole deeper push into the valence band.  
Ex. This case can be obtained with a short lifetime 
when heavy doping defects (like Ag) in direct-gap 
semiconductors under present sunlight 
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In order to reduce the recombination process must increase the 

separation of the charge on the photocatalyst surface, and increase the 

lifetime of the photo hole.  

Three common methods are used to divide these modification 

methods: i) Surface Sensitization ii) Composite Semiconductor and iii) 

Modification by loaded Metal on Semiconductor [7]. As seen in figure (1-

3)  

 

       

       Figure (1-3). The common modification methods of photocatalyst surface 

[45]. 
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1.4 Bulk and Nanoparticles Metal Oxide Properties  

  The metal oxide is known to be bulk or nanoparticle's most 

significant photocatalysts. The bulk metal oxide has dimensions greater 

than 100 nm, but there must be a nano-structure containing one or more 

external dimensions between 1 and 100 nm. The nanoparticle has special 

physical activity such as light absorption of specific wavelengths and 

catalytic activity. Hence, that leads to uptakes the interest in having 

unique features such as electrical, dielectric, optical, magnetic [46]. These 

characteristics of nanoparticles are industrially significant. Metal oxide 

nanoparticle is one of the major industrial materials and is manufactured 

in large quantities industrially and is the most frequently used. They are 

also used in products familiar to ordinary consumers such as fuel 

additives, sunscreens, pharmaceutical products, and cosmetics,  in 

addition to industrial applications as transition metal oxide catalysts such 

ZnO, TiO2,  MoO3, etc. [47]. 

 

1.5 TiO2 and MoO3   as a Catalysts 

Titanium dioxide (TiO2) also known as titanium oxide or titanium 

(IV) oxide or titania, is a semiconductor the preferred catalyst for the 

photocatalytic treatment of dye wastewater due to its have a high capacity 

to generate a high oxidizing electron-hole pair, its strong chemical 

stability, non-toxicity and long term photostability [48,49]. TiO2 naturally 

occurs in three common crystalline polymorphs, anatase, rutile, and 

brookite as explained in table (1-5).   Anatase and rutile crystal phases 

having the band gap of 3.2 eV and 3.0 eV for anatase and rutile 

respectively [35, 50]. It is also a versatile transition metal oxide and a 

useful material in a variety of present and future applications such as 
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catalysis, electronics, photonics, sensing, medicine, and controlled drug 

release [12, 49, 51, 52].  

Molybdenum trioxide (MoO3) is one of the most intriguing 

transition metal oxides due to its distinct layered structure and 

electrochemical properties. MoO3 has intriguing structural, chemical, 

electrical, and optical properties. It is an n-type wide band gap (2.39-2.90ُ

eV) semiconductor that can be used for a variety of technological 

applications such as photochromic materials. As shown in the table (1-5), 

there are three basic MoO3 polytypic available, thermodynamically stable 

orthorhombic MoO3 (α-type), metastable monoclinic MoO3 (β-type), and 

hexagonal MoO3 (h-type).  Because the α-MoO3 has band gap energy of 

about 3.0 eV, it can be used for photocatalytic applications in the solar 

spectrum's blue region. Molybdenum oxides are versatile oxide 

compounds that have well-known applications in electronics, catalysis, 

energy-storage units, sensors, field emission devices, lubricants, 

superconductors, bio systems, thermal materials [53, 54, 55]. Some main 

properties of TiO2 and MoO3 crystals are displaying in the table (1-5). 

ُ
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Table (1-5). Some main properties of TiO2 and MoO3 Crystals [51,52,55-59]. 
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1.6 Methods of Preparation and Modification of Nano-

materials  

 The various techniques that are used to prepare the nanoparticles 

(NP’s) are classified into two approaches [60, 61]: 

1.  (Bottom –up approach) such as Sol-Gel, Green synthesis, Co-

precipitation method, hydrothermal method, and Solvothermal 

method. 

2.  (Top- down approach) such as Chemical vapor Deposition, 

ultrasonic method, Leaser ablation, and mechanical milling.  

 

1.6.1   Hydrothermal Method for the Preparation of       

Nanomaterials  

   This method choses to prepare MoO3, hence, must describe it here. 

The term "hydrothermal/solvothermal process" is characterized as the 

performance of chemical reactions in solvents contained in sealed vessels 

in which the temperature of solvents can be heated concurrently with 

autogenously pressures to their critical points. When water is used as the 

solvent, the term ―hydrothermal‖ is used, but, when organics are used as 

solvents, the process is referred to as solvothermal process [60-63]. 

Hydrothermal synthesis is one of the most widely used methods for 

nanomaterials preparation. It is essentially a reaction-based approach to 

the solution. The formation of nanomaterials can happen in hydrothermal 

synthesis in a large temperature range from room temperature to very 

high temperatures [64]. Depending on the vapor pressure of the main 

composition in the reaction, either low pressure or high-pressure 

conditions may be used to control the morphology of the materials to be 
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prepared and several factors are influencing this method, such as 

precursors, additives, and reaction time [65]. Many kinds of 

nanomaterials have been successfully synthesized by the utilization of 

this method.  Additionally, the prepared nanomaterials can be produced 

by the hydrothermal method with high vapor pressures and minimum 

loss of materials [66]. To synthesize the nanomaterials compositions 

must be well controlled in hydrothermal synthesis through a liquid phase 

or multiphase chemical reactions [67]. The hydrothermal synthesis 

method is regarded as one of the most promising methods for preparing 

nanomaterials. This method also has major advantages, it can produce 

highly crystalline and pure nanoparticles with well-controlled 

dimensions [68, 69]. On the other hand, the disadvantages of 

hydrothermal synthesis are as follows [70, 71]: 

i. It needs expensive autoclaves.  

ii. The safety issues during the reaction process. 

iii. Impossibility of observing the reaction process (close system).  

 

1.6.2   Ultrasonic Method for the Preparation of       

Nanomaterials 

Sonochemistry is the study of chemical reactions using high-

frequency ultrasound in the range of 20 kHz to 10 MHz. Ultrasonic waves 

are used in a liquid suspension by either immersing an ultrasound probe 

directly in the suspension, which is known as direct sonication  or by 

immersing an ultrasound probe indirectly in the suspension, which is 

known as indirect sonication, or by immersing the container of the sample 

in an ultrasonic bath containing a liquid such as D.W and is called an 

indirect sonication. The physical mechanism responsible for the 
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sonochemical process is acoustic cavitation, which includes the forming, 

growth, and collapse of bubbles within a liquid. These bubbles behave as 

individual micro-reactors, releasing vast quantities of energy in the form 

of pressure (1000 bar) and temperature (5000 K) as they collapse 

frequently [72]. Based on the hot spot mechanism, since this bubble 

collapses, the chemical bonds are broken; because this collapse happened 

in less nanosecond, with very high cooling rates, preventing the products 

from organizing and crystallizing, and resulting in amorphous 

nanomaterials [73]. Many factors influence the rate of a sonochemical 

reaction, including the volatile nature of the precursors, solvents with low 

vapor pressure, and a low sonication temperature for the preparation of 

nanoparticles. The benefit of this approach over other methods of 

nanoparticle synthesis is that it can generate a wide range of nanophase 

materials by simply changing the reaction medium and it is also 

environmentally friendly [74]. 

 

 1.7 Literature Review for Prepared MoO3/TiO2 Composite  

   To enhance the dye adsorption on photocatalyst surfaces and to 

achieve effective decolorization or degradation, the composites were 

created to develop the photocatalytic materials with high adsorption, 

reduce efficient electron-hole recombination, catalyst separation ease, and 

dye degradation effectiveness [75]. The MoO3 semiconductor was 

incorporated with TiO2 (an n-type semiconductor with a band gap of 3.0-

3.2 eV) to prevent the electron-hole pair recombination and extend the 

range of useful excitation light toward the visible spectra. The  MoO3, an 

n-type semiconductor, is considered to form a composite with TiO2 

because it has a suitable band gap of about 2.85 eV for visible light 

absorption and a high oxidation power of photogenerated holes in the 
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valence band, which can easily convert absorbed water or hydroxide ions 

into 
∙
OH radical.

 
The improvement of photocatalytic activity can be 

attributed to the reduction of the electron-hole recombination rate during 

using of MoO3/TiO2 as a composite heterostructure [76, 77]. In this 

manner, there are some researchers interested in the combination of 

MoO3 with TiO2 in various procedures. 

  In 2012, Lande and co-workers [78], the MoO3-TiO2 

nanocrystalline composite material was created using the sol-gel method. 

The synthesized material has been characterized using X-ray diffraction, 

scanning electron microscopy with electron dispersion spectroscopy, 

transmission electron microscopy, and (FTIR) spectroscopy. Melanoidin 

is a dark brown pigment found in the wastewater of the sugar industry. 

Under UV-visible radiation, the synthesized MoO3-TiO2 nanomaterial 

was found to be effective in degrading molasses.  

  In 2015, Luo  and co-workers [76], the MoO3/TiO2 composite was 

generated using a simple sol-gel method. The (XRD), BET surface area 

analysis, (EDS), (XPS), and photoluminescence (PL) emission spectrum 

were used to characterize the composite. The results of the study show 

that BET-specific composite surface areas are significantly enhanced, and 

the composite has higher photocatalytic activity than pure TiO2 for the 

degradation of Rhodamine B (RhB) under visible light irradiation. 

In 2016, Liu  and co-workers [79] prepared MoO3/TiO2 composite 

nanorods films. This composite has been successfully the novel prepared 

through the combination of hydrothermal and electrodeposition methods. 

The improved electrochromic properties are primarily attributed to the 

porous space inside the collection of the nanorods, which promotes the 
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ion diffusion becomes easier, and it also gives greater surface area for 

charge-transfer reactions. 

In 2017, Kumar and co-workers [80], MoO3/TiO2 composite 

nanopowders were synthesized using a mechanochemical synthesis 

technique and characterized using PXRD, SEM with EDS, FT-IR, 

Raman, and TGA/DTA. The TGA/DTA analysis revealed that with a 

negligible weight loss, the nanopowders are stable up to 7800 
o
C. The 

synthesized oxide nanocomposite can therefore be used at elevated 

temperatures as a solid lubricant. 

In 2018, Su and co-workers [81], used (NH4)6Mo7O24.4H2O and 

TiCl4 to hydrothermally produced TiO2-MoO3 nanocomposite at 180 ◦C 

as the source of Mo and Ti, respectively. It is possible to confirm the 

TiO2 and MoO3 nanocrystalline in the products by using the (XRD). 

(TEM) has demonstrated that with the rise in the amount of Ti-doping, 

the size of MoO3 becomes smaller. The TiO2-MoO3 nanocomposites 

displayed strong adsorption activity is approximately 290 mg g
-1

 for 

Rhodamine B (RhB), 180 mg g
-1

 for Methylene blue (MB), and 59 mg g
-1 

for the Cr (VI) of the heavy metal ion. 

In 2020, Jesionowski and co-workers [82], synthesized the TiO2-

MoO3 composite, they were successfully using a template-assisted 

microwave method at molar ratios TiO2:MoO3, 8:2, 5:5, and 2:8. The 

XRD and Raman spectroscopy, SEM, TEM, and HRTEM analysis have 

described the synthesized material systems comprehensively. The 

proposed template-assisted microwave synthesis allowed TiO2 particles 

to be incorporated with the surface of hexagonal particles of MoO3, 

resulted in a stable junction between TiO2 and molybdenum trioxide. At 

the molar ratio 5:5 from TiO2:MoO3 composite, the best system was 
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obtained. The successful intercalation of lithium ions into the TiO2-MoO3 

composite material has been confirmed by X-ray photoelectron 

spectroscopy (XPS). 

 

1.8 Adsorption 

 Adsorption is a surface phenomenon in which the molecules or ions 

in the liquid or gas phase (adsorbate) are concentrated on the solid 

(adsorbent) surface [83, 84]. It can be categorized into chemisorption 

(based on covalent bonding) and physisorption (based on van der Waals 

forces) [85, 86]. In the heterogeneous photocatalytic mechanism, 

adsorption is an essential feature, which corresponds to the principle of 

Langmuir. Ultimately, the surface adsorption is influenced by ionic 

strength and pH value [87]. Adsorption has some important benefits and 

drawbacks, as any other process.  The benefits may summarize as: 

i. High ability and speed in removing pollutants from wastewater by 

converting to H2O and CO2. 

ii. Finding various types of the catalyst.  

While the drawbacks are summarized as: [88, 89]  

i. The catalyst loses step-by-step actionable. 

ii. Some types of the catalyst are high cost. 

iii. Surfaces of active sites of the catalyst are mostly blocked with the 

present high amount of the macromolecular compounds like ''dyes'' 

in solution, this known poisoning. 

1.8.1 Adsorption on the Semiconductor Surface  

An adsorption process at the active catalyst site is used to treat 

pollutants in common wastewater [86]. The second most essential aspect 
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of a photocatalytic process is the extent of active surface area. The larger 

the available active surface area, the more reactants on the surface can be 

adsorbed. Consequently, photocatalytic degradation efficiency can be 

improved. The most convenient way to elevate the surface area is being 

by nano-structuring. As a result of the nanostructure, the surface area to 

volume ratio increases [90]. In fact, the adsorption process is based on a 

sequence of numerous steps. The first step is adsorption, which is 

performed by diffusion of the reactant molecule via fluid liquid or gas 

onto the semiconductor (photocatalyst) surface.  The second step takes 

place if the active site has adsorbed the reactant molecule in the 

photocatalystis [91]. The photocatalysis produces charge carriers (e-/h
+
) 

that are formed not only through the active sites of the photocatalyst 

activity used, but also through the use of semiconductor at any portion 

that is effectively absorbed in the presence of light for the reactant. In the 

third step, an activated complex is formed for bond formation and bond 

dissociation, which requires less activation energy than the activated 

complex of the uncatalyzed path. The rate of adsorption is affected by the 

particle size of the photocatalyst as well as the concentration of reactants 

and products. The adsorption process on the photocatalyst surface is 

considered the most important step in photocatalysis for reducing 

recombination [92, 93]. 

 

1.8.2 Adsorption of Oxygen and Water  

The reactive species in the n-type semiconductor is the photo hole 

that is produced with the photoelectron; when a photon is absorbed by 

photocatalyst, the carries are formed with high light quantum energy, and 

then the accumulation of the electrons on the particles should be avoided, 

as it can lead to an increase in the rate of the hole- electron recombination 
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rate and lower the quantum yield. Therefore, the efficiency of the 

photocatalytic degradation process with the presence of an electron 

acceptor in the solution is essentially the typical proposed mechanism and 

steps are explained in figure (1-4) for the adsorption of dissolved oxygen 

and water hydroxyl ion [94]. 

 

 

 

 

 

 

 

 

 

 

Figure (1-4). Schematic description of adsorption of the oxygen and water on the 

surface of a catalyst via using a photocatalyst under illumination. 

1.8.3 Adsorption Dyes  

  Dye contamination, due to its toxicity and even carcinogenicity, 

has posed a serious threat to the aqueous environment and human health 

in recent years [95-97]. Dyes, on the other hand, are indispensable in 

everyday life and are inextricably linked to the textile, cosmetics, 

printing, and pharmaceutical industries [98, 99].  Therefore, several 

 



Chapter One                                                             Introduction  

 19  
 

resources have been devoted to the search for the successful removal of 

dyes from the aqueous solution. Adsorption is a simple, economical, and 

effective method for dye removal, compared to other techniques, such as 

ion exchange and membrane filtration [100, 101].  But another new 

problem is the set of adsorbents after adsorption. Therefore, high-

efficiency adsorbents, fast regeneration, and low cost to the removal of 

dyes from wastewater are urgently desired.  Several materials, such as 

zeolite, active carbon, alumina, polymer, etc [102, 103], have been 

identified as adsorbents to remove the organic dye contaminants from the 

wastewater, the process of dye adsorption has been explained in Figure 

(1-5).  

 

 

 

 

                 

     Figure (1-5). The dye adsorption process using adsorbent modification from 

[104]. 

 

1.9 Dyes     

Dyes are a colored substance that binds to the substrate to which it 

is applied. It is colored because it absorbs light in the visible spectrum at 

a specific wavelength  [104-106]. Dyes are primary ionizing and aromatic 

compounds with the various chromophore molecules that are responsible 

for their color, where, the color of dyes is due to the chromogene-

chromophore structure (acceptor of electrons), while, the dyeing ability is 
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due to the presence of auxochrome groups (donor of electrons). Dyes are 

categorized as natural or synthetic based on their raw ingredients. Natural 

textile dyes are mainly obtained from plant and animal sources, while 

synthetic dyes are typically aromatic compounds generated via the 

chemical synthesis process. Furthermore, synthetic dyes are presently the 

most favorable due to their availability, superior coloring, and low cost 

[107, 108]. Dyes are also categorized based on their constituents, 

applications, colors, and chemical structure such as azo dyes, nitro dyes, 

nitroso dyes, triarylmethane dyes, and anthraquinone dyes these types are 

based on their chemical composition [109, 110]. Dyes are employed in 

the manufacturing of textile, cosmetics, pigment, leather tanning, and a 

variety of other industries use them to color their products. These 

factories' effluents cause potential hazards to the environment and human 

health. As a result, dye removal from wastewater has gotten a lot of 

attention in recent years. So far, chemical, physical, and biological 

approaches have all been employed, with adsorption proving to be the 

most successful method for removing dyes. [111,112].  

 

1.9.1 Azo Dyes 

The majority of synthetic azo aromatic dye (as monoazo or diazo 

or triazo or polyazo) consist of one, two, three, or more (N = N) groups 

and are related to benzene and naphthalene rings, which are often 

substituted by some functional groups, such as (methyl, nitro, triazine 

amine, chloro, hydroxyl, and sulphonate) [113,114].  Azo dyes are widely 

employed in the pharmaceutical, food, dyeing textile, cosmetics, and 

paper printing industries. Approximately 80% of azo dyes are 

closely used in the textile industry due to their high stability, low cost, 

and color variety [115]. Chlorazol black BH is a diazo dye, the chemical 
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structure of this dye is illustrated in figure (1-6). Some properties of 

Chlorazol black BH dye are explained in the table (1-6) [116,117]. 

 

 

 

 

                     

         

Figure (1-6).  The structural formula of Chlorazol black BH dye. 

          

Table (1-6). Some properties of chlorazol black BH dye.   

 

1.9.2 Photocatalytic Degradation of Chlorazol Black BH Dye 

The decolorization or degradation of any dye was simple in 

heterogeneous photocatalysts, but it was dependent on the quality and 

nature of the photocatalyst used in these processes, with the photo 

semiconductors having a strong positive charge on their particle for dye 

adsorption. The following equations (1-1) to (1-9) and figure (1-7) were 

used to carry out the dye adsorption steps under illumination [77].    

Properties 

 

IUPAC name 

Trisodium,5-amino-3-[[4-[4-[(7-amino-1-hydroxy-3-

sulfonatonaphthalen-2-

yl)diazenyl]phenyl]phenyl]diazenyl]-4-

hydroxynaphthalene-2,7-disulfonate. 

Synonym Direct Blue 2 

Molecular formula C32H21N6Na3O11S3 

Family sub. (class) Azo dyes 

Molecular weight 830.71 g mol
-1

 

λmax 500-550 nm 
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Catalyst + BH Dye              BH Dye- Catalyst                                                        (1-1) 

BH Dye- Catalyst + hv          BH Dye- Catalyst* (e
-
, h

+
)                                        (1-2) 

BH Dye- Catalyst (h
+
) + H2O          Catalyst - (BH Dye, HO•) + H

+
                      (1-3) 

BH Dye- Catalyst (h
+
) + OH

-
         (BH Dye, HO•)- Catalyst                                 (1-4) 

BH Dye- Catalyst (e−) + O2            (BH Dye, O2)-Catalyst                                    (1-5) 

(BH Dye, O2)-Catalyst + H
+
           (BH Dye, HOO•)-Catalyst                              (1-6) 

(BH Dye, HOO•) - Catalyst + H
.
          BH Dye- Catalyst + H2O2                          (1-7) 

BH Dye- Catalyst + H2O2+ hv              BH Dye- Catalyst +2 HO•                         (1-8) 

Or                       

BH Dye- Catalyst + H2O2+ e−                BH Dye- Catalyst + HO• + OH
-
              (1-9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1-7). Schematic the description of adsorption of dye on the surface of the 

catalyst, modification from the references [77,118].   
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1.10 The Aims of the Study 

The aims of this project are to:  

1- Prepare MoO3 by hydrothermal method.   

2- Prepare (MoO3/TiO2) composite. 

3- Study the properties of prepared MoO3, commercial TiO2, and the 

prepared (MoO3/TiO2) composite by X-ray diffraction (XRD), scan 

electronic Microscope (SEM), Fourier-transform infrared 

spectroscopy (FTIR), and Band gap (Bg). 

4- Investigate the photocatalytic activity for the prepared MoO3, 

commercial TiO2, and (MoO3/TiO2) composite by studying the effect 

of the following parameters on a decolorized colored solution:     

a) Weight of catalyst. 

b) Temperature. 

c) Initial pH of the solution. 
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2.1 Chemicals 

All of the chemicals used in this project were utilized without 

being purified in any way as shown in tables (2-1) A and B. 

Table (2-1) A. Used liquid chemicals.  

No. Chemicals Company Supplied Percentage  

1. 
Absolute ethanol 

(C2H5OH) 
Chem.lab, Belgium. (100) % 

2. 
Hydrochloric acid 

(HCl) 
J.K. Baker, Netherlands. 

(36.5,38.0)      

% 

3. 
Sulphuric acid 

(H2SO4) 
CDH, India (97.98) % 

 

Table (2-1) B. Used solid chemicals 

No. Chemicals Company Supplied Purity  

1. 
1,10- Phenanthroline 

(C12H8N2) 

Ridel-De-Haen AG, Seelze,     

Hannover, Germany. 
(99.98) % 

2. 
Chlorazol black BH dye 

(C32H21N6Na3O11S3) 
Merck, Germany (99.98) % 

3. 
Iron (III)sulfate hydrate 

(Fe2(SO4)3.H2O) 
Evans, Mf-Dica, England (99.98) % 

4. 
Potassium oxalate 

(K2C2O4.H2O) 

Riedel-De-Haen AG, Seelze, 

Hannover, Germany. 
(99.98) % 

5. 
Sodium hydroxide 

(NaOH) 
Sigma Chemical Company, USA (99.98) % 

6. 
Sodium molybdate 

(Na2MoO4.2H2O) 
Merck, Germany (99.98) % 

7. 
Titanium dioxide 

(TiO2) 

Riedel-De-Haen AG, Seelze, 

Hannover, Germany 
(99.98) % 

 

2.2   Instruments  

Table (2-2) shows the instruments used in this study as well as the 

companies and places. 
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Table (2-2):  Employed Instruments. 

No. Instrument Company Place 

1. Centrifugeُ
Hettich- Universal II- 

Germany 

University of Kerbala, 

Science college 

2. Digital pH meterُ
OAICTON-2100, 

Singapore 

University of Kerbala, 

Science college 

3. 

Double -beam-UV-

Visible 

spectrophotometer 

AA-1800, Shimadzu, 

Japan. 

University of Kerbala, 

Science college 

4. 

Fourier-transform 

infrared spectroscopy 

(FTIR)ُ

FT-IR-8400S, Shimadzu, 

Japan 

University of Kerbala, 

Science college 

5. 
High-Pressure Mercury 

Lamp -UV (A) (400W) 
Rudium, China. 

University of Kerbala, 

Science college 

6. 
Hotplate Magnetic 

Stirrer 

Heido-MrHei-Standard, 

Germany 

University of Kerbala, 

Science college 

7. Ovenُ Memmert, Germany 
University of Kerbala, 

Science college 

8. 
Scan Electron 

Microscopy (SEM( 

FESEM FEI Nova Nano 

SEM 450 device 
University of Tehran 

9. 
Sensitive balanceُ

ُ

BL 210 S, Sartorius- 

Germany 

University of Kerbala, 

Science college. 

10. Spectrophotometer 
Spectro SC, LaboMed, 

Inc 

University of Kerbala, 

Science college 

11. 
Steeliness steel 

Teflon tube autoclave 

TOPT-HP100 TOPTION 

UK 

University of Kerbala, 

Science college 

12. Ultrasonic 
DAIHAN Scientific, 

Korea. 

University of Kerbala, 

Science college. 

13. X-Ray Diffraction  Rigaku Ultima IV University of Tehran. 

 

 

2.3   Photocatalytic Reactor Set 

Figure (2-1) depicts the photocatalytic reactor unit that was used to 

conduct all photo experiments. 
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Figure (2-1). Homemade photoreactor. Where: wooden box (1), High-pressure 

mercury lamp (400 W) (2), Vacuum fan (3), Fan (4), Pyrex glass beaker 400 cm
3
 

(5), Teflon bar (6), Magnetic stirrer (7). 

 

2.4 Preparation of MoO3 Nanoparticles   

  MoO3 nanoparticles had been prepared via the modified 

hydrothermal method in references [54,119], which is briefly explained as 

follows:  

The (0.28 g) of sodium molybdate (Na2MoO4.2H2O) was dissolved 

in 68 mL of distilled water, and then 7 mL of 2M of hydrochloric acid 

(HCl) was dropped by drop added to the solution with continuous stirring 

for 15 minutes. The faint yellow solution was transferred to a Teflon-

lined stainless autoclave (100 mL capacity) as shown in figure (2-2 a).                                                                    
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Hydrothermal reactions were performed at 180 ºC for 5 h, and then it was 

cooled at room temperature. The solid product was filtered and washed 

with distilled water and ethanol to remove impurities and non-reactive 

materials. The bluish-gray product was allowed to dry in an oven at 80ºC 

for 1 h and then dried overnight in a desiccator.  Figure (2-2 b) illustrates 

the bluish-gray product. The chemical equations of  MoO3 preparation 

were followed below.  

                                                  (1) 

                                                                               (2)         

  

          

(a)                                                                                            (b) 

Figure (2-2).  The real image for used steeliness steel Teflon tube autoclave (a), 

the real image for produced bluish-gray MoO3 (b). 

 

2.5   Ultrasonic Synthesis of MoO3/TiO2 Nanocomposite 

 Ultrasonic is recognized as one of the most environmentally and 

friendly technology in the field of green chemistry. 

The ratio 0.025%  of (MoO3/TiO2) nanocomposite was synthesized 

using ultrasonic waves to give a suitable energy to bind both metal 

oxides. Figure (2-3) illustrates the steps for the synthesis of (MoO3/TiO2) 

nanocomposite.  
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Figure (2-3).The schematic diagram for steps of prepared (MoO3/TiO2) 

nanocomposite.   
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2.6 Characterization 

2.6.1 X-Ray Diffraction Patterns (XRD)  

 Photocatalysts are mostly inorganic solid materials that are 

typically crystals and the crystalline form is often determined by an X-ray 

diffraction (XRD) pattern [120]. XRD is considered a good tool to 

determine the essence of the crystalline and components of crystal 

substances as a thin layer of crystal or as powder form. Since, based on 

the quantity of the respective crystalline substance, the power of a 

diffracted beam contributes to the ability to use the XRD data to calculate 

the mean crystallite size (L) employing Scherrer's equation [121].  

       L = 
   

     
                                                                                (2.1)                                                                             

Here: k is the Scherrer's dimensionless shape constant (used 0.89 for 

nanobelts shape, and 0.94 for spherical shape ), λ is the wavelength of Cu 

kα (used 0.15406 nm ), 2θ a Bragg diffraction angle and β is (FWHM) the 

full width of half-maximum intensity in degrees, which must convert to 

radians by multiplying it by (π/180). 

  

 2.6.2 Scanning Electron Microscopy (SEM)  

The shape and surface characteristics of the nanostructures for the 

photocatalysts were analyzed using scanning electron microscopy. 

Measurements were made using the FESEM FEI Nova Nano SEM 450 

device at the University of Tehran/Islamic Republic of Iran. 
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2.6.3 FT-IR Spectra  

 The infrared spectrum was measured at wavelengths ranging from 

400 to 4000 cm
-1 

for all samples (TiO2, MoO3, and MoO3/TiO2). 

Potassium bromide (KBr) was used to make a tablet of both of these 

compounds after it was grinding it well. 

2.6.4 Band Gap Energy Measurements  

Using from UV- Visible spectrophotometer, direct and indirect 

band gap energy was calculated in (eV) to determine the absorbance 

coefficient (α) from absorbance (A) and thickness (t) for all samples 

based on the equation (2.2). And by using the Tauc equation (2.3) 

[122,123]. 

ُُُُُُُُα = 2.3026   
 

 
                                                                          (2.2) 

ُُُُُُُ            
 

                                                                  (2.3) 

Here: h is Plank's constant that equal (6.63 x 10
-34

 joule sec), v is the 

frequency of the light is equal to (C/ λ), here, C is a light speed that equal 

to 2.998 x 10
8
 ms

-1
, A is optical constant, m is constantly equal to ½ for 

direct transition or 2 for indirect transition. 

2.7 Light Intensity Measurements  

Employing a chemical actinometric method [124], the intensity of 

the light (Io) for the UV-A light source was done. This method was 

carried out by employing 100 mL of actinometric solution, which 

contained from (40 mL of 0.15 M), of Fe2 (SO4)3.H2O mixed with (50mL 

of 0.45M) of K2C2O4.H2O and (10 mL of 0.05M) of H2SO4 in 

photocatalytic reactor then irradiation under presence atmospheric 
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oxygen. The yellowish-green solution was produced as K3[Fe 

(C2O4)3].H2O complex under irradiation. 

In order to find the light intensity, over must analyze this 

actinometric complex by taken about 3 mL of irradiated solution with 

regular periods at (5, 10, and 15) min and centrifuged (4000 rpm, in 10 

min). Exact 2.5 mL of filtered solutions were added to 0.5 mL of (1%) 

from 1, 10- phenanthroline. The reddish-orange complex was obtained 

immediately, the absorption of this colored solution was recorded at 510 

nm. 

The following equations below explain a summary of the processes and 

reactions that happened [125]. 

[Fe
3+

 [(C2O4)3]
3-

 + hv  [Fe
2+ 

(C2O4)2] 
2-

 +C2O4 
.-
                        (2.4) 

[Fe
3+

 [(C2O4)3]
3-

 +hv         Fe
2+

 +2(C2O4) 
2-

 +C2O4
.-
                            (2.5) 

[Fe
3+

 (C2O4)3]
3- 

+ C2O4
.-
        [Fe

2+
 (C2O4)2] 

2-
 +C2O4 

.-
+2CO2             (2.6) 

2[Fe
3+

( C2O4)3]
3-

          2[Fe
2+

 (C2O4)2] 
2-

 + C2O4 
2-

 + 2CO2                  (2.7) 

And the following equations were calculated the light intensity (Iο) [126]: 

Moles of Fe
2+

 = 
               

                   
                                                         (2.8) 

Iο= 
             

    
                                                                                      (2.9) 

 Iο = 2.95×10
-7

 Enstine s
-1 

 

Here: V1 = 100 cm
3
 is the total of irradiation volume, V3 = 3 cm

3
 is 

summation of the irradiation solution volume (2.5 mL) that added to (0.5 

mL) from  1, 10-phenonethroline solution, V2 = 2.5 cm
3
 is volume of 

irradiation solution, l is the optical path length (1 cm), A510 is the average 

absorbance of ferrioxalate solution after different internals irradiation 
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time, that mixed with 1,10-phenonethroline, (molar absorptivity ε = 1.045 

x 10
4
 L mol

-1
 cm

-1
) , (Фλ = 1.2) is the quantum yield and (t) is the average 

of irradiation time ( 10 min). 

 

2.8 Calibration Curve of Chlorazol Black BH Dye 

Calibration Curve for Chlorazol black BH dyes was performed by 

preparing series standard concentrations within the range (1-50) ppm of 

the chlorazol black BH dye solution. The absorbance for these 

concentrations was recorded at the wavelength (501ُnm) that found after 

scan the dye solution from range 200-800 nm, according to figure (2-4). 

The results of table (2-3) were drawn between absorption and 

concentration as explained in figure (2-5)   

Figure (2-4). The Scan of Chlorazol black BH dye solution. 

 

Table (2-3). Calibration Curve Data of Chlorazol black BH dye. 

 

 

 

        

 

C/ppm 

 

Abs. 

1 0.018 

5 0.075 

10 0.165 

15 0.231 

20 0.269 

25 0.362 

30 0.424 

40 0.644 

50 0.790 
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Figure (2-5). Calibration curve at different concentrations of Chlorazol BH black 

dye. 

 

2.9 Photocatalytic Decolorization Reaction of Chlorazol 

Black BH Dye 

      The photocatalysts that were prepared (MoO3, MoO3/TiO2) and 

commercial (TiO2) were applied experimentally.ُThese experiments were 

conducted using a high-pressure mercury lamp (400 Watt, λ=365 nm) as 

a source of UV-A radiation in the photo-reactor unit. The suspension 

solutions were prepared by adding 50 ppm of 100 mL Chlorazol BH dye 

solution to the quantity of photocatalysts. Suspensions were stirred in 

darkness for 30 min before irradiation using a magnetic stirrer to maintain 

adsorption equilibrium. The formed suspension was periodically 

irradiated with light intensity (2.95×10
-7

 enstine s
-1

) by UV-A light. Using 

a syringe approximately 4 mL was removed and then doubled separately 

with a centrifuge for 15 min at 5000 rpm to ensure the removal of all fine 

parts of the photocatalyst.  
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The absorption of producing filter was read at 500 nm. Depending 

on the dye calibration curve in figure (2.5), the dye concentrations before 

irradiation (Co) and after irradiation (Ct) were identified. The Langmuir- 

Hinshelwood model is a good express which utilized to determine the 

apparent reaction rate constant (kapp.) at low concentration of dye with 

intervals time (t) as shown in equation (2.10) [127].  A plot of ln(Co/Ct) 

versus (t) will yield a slope as a value of kapp. 

  (
  

  
)                                                                                          (2.10) 

 

The (PDE %) is the efficiency of the photocatalytic decolorization 

percentage was calculated from equation (2.11) [128]. 

         
        

  
                                                                       (2.11) 

 

 

2.10 Activation Energy  

        The apparent activation energy (Ea) of decolorization for chlorazol 

black BH dye was detected in the temperature range (283.15- 298.15) K 

and based on the plotted Arrhenius equitation (2.12) [129]. 

         
   

  
                                                                             (2.12) 

Here: k app is an apparent constant rate, T is the reaction temperature, R is 

a constant gas equal (8.314 J mol
-1

 K
-1.

) and A is a frequency constant. 
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2.11 Thermodynamic Parameters   

      Thermodynamic parameters have played a significant role in 

determining the direction of the reaction. From the Eyring equation (2.13) 

can be calculated the enthalpy change (ΔH
#
) and entropy change (ΔS

#
) 

values [130]. 

   (
    

 
)   

    

  
  (  (

  

 
)   

   

 
)                                                (2.13) 

Here: k app is an apparent rate constant, T is the temperature of the 

reaction, kB is Boltzmann's constant equal (1.381 x 10
-23

 J K
-1

), R is gas 

constant equal (8.314 J mol
-1

 K
-1

) and h is Plank's constant equal (6.63 x 

10
-34

 J s). 

Using the Gibbs equation (2.14) the free energy (ΔG
#
) was calculated 

[131]. 

                                                                                       (2.14) 
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3.1 Characterization of photocatalysts 

In this project, the characterizations of studied samples were 

measured using XRD, SEM, FTIR technique, and Bandgap (Bg) 

measurements.  

3.1.1 X-ray Diffraction patterns (XRD)  

The proper crystal structure is very important for the photocatalyst, 

and XRD is one of the most effective techniques for determining the 

molecular structure of a crystal. All the prepared and commercial samples 

of  MoO3, MoO3-TiO2, and TiO2 were analyzed by XRD as shown in 

figure (3-1). Based on the results of the XRD, the synthesized MoO3 was 

found to be an orthorhombic (α-MoO3) and complies with the standard 

diffraction data of α-MoO3 (JCPDS Card No. 005-0508) [132]. The 

essential diffraction peaks of orthorhombic α-MoO3 demonstrated at (2θ) 

12.80◦, 25.76◦, 27.35◦, 39.059◦, 58.906◦, and 67.630◦ with miller indicates 

(0 2 0), (0 4 0), (021), (0 6 0), (0 8 1) and (0 10 0) planes respectively 

[137, 138]. Indeed, the stronger intensities at 2θ for 12.8
o
, 25.7

o,
 and 39.0

o
 

with reflection peaks (0 k 0), where k is 2, 4, 6, are confirmed that the 

synthesis α-MoO3  is being as nanobelts [133].  

Furthermore, the rutile-TiO2 peaks appeared at diffractions (110), 

(101), (111), (211), (220) and (301) at 2θ positions are 27.46°, 36.10°, 

41.26°, 54.34°, 56.32°, and 69.02° respectively, and these magnitudes are 

in agreement with the standard diffraction data (JCDS card No.00-021-

1276) [134,135].  

The main peaks are shifted to the high 2θ from 27.358º (α-MoO3) 

and 27.475º (TiO2) to 27.480º, from 36.118º (TiO2) to 36.122º, from 

39.059º (α-MoO3) to 39.230º, 41.279º (TiO2) to 41.287º, during the 

incorporation  between  α-MoO3 and  rutile-TiO2  as nanocomposite.    
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Figure (3-1). The XRD patterns of samples α-MoO3 (a), TiO2 (b), and α-

MoO3/TiO2 nanocomposite (c). 

 

 

 

a 

 

b 

 

c 
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That attitude generates a metallic bond between two metals Mo and 

Ti [136-138]. Since both Mo and Ti have a coordination number equal to 

6 [139], and the Mo ion is smaller than Ti, with an ionic radius 0.59 Å and 

0.67 Å, respectively [140,141], hence, the Mo
6+

 is appropriate to 

incorporate with Ti
4+ 

in crystal. Depending on the XRD data, the mean 

crystallite sizes (L) in nm were calculated using Scherrer's equation (2-1), 

and the results are shown in table (3-1). 

 The mean crystal size of α-MoO3 elevates with incorporation with 

rutile- TiO2 from 30. 5511 nm to 57.6063 nm, that due to the mean crystal 

size of rutile- TiO2 is large than the mean crystal size value of α-MoO3.  

 

Table (3-1). The values of mean crystal sizes (L) for the samples synthesis α-

MoO3, α-MoO3/TiO2 nanocomposite, and commercial TiO2.  

Samples α-MoO3 TiO2 α-MoO3/TiO2 

Mean Crystal sizes (from XRD data) / nm 
 

30.5511 

 

72.3799 

 

57.6063 
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3.1.2 Scan Electron Microscopy (SEM)  

  Scan electron microscopy (SEM) is intended to characterize 

physically apparent properties such as morphology of size and shape for 

macromaterials and nanomaterials. SEM images for α-MoO3, TiO2, and α-

MoO3/TiO2 nanocomposite, were obtained from the micro and nanoscale 

levels and shown in Figures from (3.2) to figure (3-4). 

  

 

Figure (3-2). SEM images of synthesis α-MoO3, a) the overall product, b) a 

magnified region of the surface structure, c) more magnified to appear nanobelts 

shape.  

   Figure (3-2)  is displaying the synthesis of regular α-MoO3, and the 

shape found to be nanobelts at various magnifications, this result is in 

agreement with the result in XRD analysis and literature works 

[132,133,142]. Figure (3-2) a, depicts nanobelts with widths ranging from 

(112.7, 127.9, 131.8, to 205.2) nm and length of the range (1-10) μm. The 

  

 

a b 

c 
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produced nanobelts are rectangular flat tips, smooth surfaces distribute 

densely and uniformly with four sharp corners on the upper ends and are 

straight, the nanobelts surfaces, as well as the sharp edges, are encased in 

smooth facets [143,144].  

  

 

 

 

 

 

 

 

 

 

 

Figure (3-3). SEM images of commercial TiO2, a) the overall product, b) a 

magnified region of the surface structure, c) more magnified to appear spherical 

shape. 

Rutile-TiO2 and synthesized α-MoO3/TiO2 nanocomposite have a 

semi-spherical and semi-spherical agglomerate shape respectively; 

because the amount of TiO2 is very high compared to the amount of α-

MoO3 that leads to increase the lightness  of α-MoO3 [145]. Figures (3-3) 

and (3-4) indicate that the spheres exhibit a wide range of widths, ranging 

from 150 to 250 nm, and the length ranging from 1-5 μm for TiO2 (micro-

sized) and its nanocomposite. The surface of TiO2 and α-MoO3/TiO2 

nanocomposite appears to have a uniform distribution of semi-spherical 

  

 

a b 

c 
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particles with crystal as the structure, these semi-spheres had relatively 

smooth surfaces. The partial sizes of α-MoO3 and its nanocomposite are 

not in nano-size that refers to the poly-crystal. TiO2 is a commercial 

material with a micro-size. 

  

 

Figure (3-4). SEM images of synthesis α-MoO3/TiO2 nanocomposite, a) the 

overall product, b) a magnified region of the surface structure, c) more magnified 

to appear spherical shape. 

 

  

3.1.3 Fourier-transform Infrared Spectroscopy (FTIR) 

  The FTIR technique was used to investigate the characterization of 

samples that using as photocatalystsُ ( prepared α-MoO3, α-MoO3/TiO2 

nanocomposite, and commercial TiO2) in this work.  

  

 

a b 

c 
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Figure (3-5) shows the synthesized α-MoO3 displays many distinct 

peaks at certain frequencies, as the three strong peaks appear: at a 

frequency of 995 cm
-1

 sharp associated with Mo=O stretching vibration an 

indicator of the layered orthorhombic α-MoO3 phase, the sharp peak also 

occurs at 866 cm
-1

 that beyond to the stretching mode of oxygen in Mo-O-

Mo bonds, and the last appears as broadband at 557 cm
-1

, which due to the 

bending vibration of oxygen atom linked to three metal atoms. Moreover, 

at 588 cm
-1

 the band is the result of the α-MoO3 single bond. The bands at 

1626 cm
-1

 and 3356 cm
-1

 were attributed to the stretching and bending of 

O-H groups of adsorbed water on the surface synthesized α-MoO3 due to 

the adsorption of H2O from the environment [142, 146].        

 

Figure (3-5). Spectrum (FTIR) of synthesis α-MoO3. 

Figure (3-6) explains the spectrum of the commercial rutile-TiO2 

that appears in the bands at 3429 cm
-1

 and 1653 cm
-1

, which are attitudes 

to the stretching and bending modes of the O-H bond of absorption water 

molecular as moisture. The peak at 675 cm
-1

 beyond the Ti-O stretching, 

this band is regarded TiO2 characteristic peak. Besides, the band at 597 

cm
-1 

related to the Ti-O-Ti stretching vibration [147]. 
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Figure (3-6). Spectrum (FTIR) of commercial TiO2. 

Based on Figure (3-7), the spectrum of synthesized α-MoO3/TiO2 

nanocomposite appears the peaks at 1653 cm
-1

 and 3464 cm
-1

 related with 

OH group bending and stretching absorbed of water, respectively. Also,    

appearance the peak at 675 cm
-1

 associated with Ti-O stretching which is 

a characteristic peak for TiO2.  Besides, the peak at 559 cm
-1

 attitudes to 

the Mo-O single bond for α-MoO3 [80]. 

 

Figure (3-7). Spectrum (FTIR) of synthesis α-MoO3/TiO2 nanocomposite. 

3.1.4 Band Gap Energy Measurements  

The Tauc equation (2-3) was useful to calculate the band gap 

energies in eV unite that are plotted in Figures (3-8) and measured for all 
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samples in a table (3-2). The results of band gap energies were found that 

the band gap for α-MoO3 is direct, while for TiO2 and α-MoO3/TiO2 

nanocomposite it is indirect. 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure (3-8). Tauc plot for a) α-MoO3 as direct band gap, b) TiO2 as indirect 

band gap, c) α-MoO3/TiO2 nanocomposite as indirect band gap. 

 

 

Table (3-2). The band gap energies measured using UV-Visible Scan for all 

samples. 

 

Sample 

 

α-MoO3 

 

TiO2 

 

α-MoO3/TiO2 

 

Bg   (eV) 

 

2.8 

 

3.0 

 

2.95 

 

  

 

a b 

c 
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3.2 Photocatalytic Reaction of Chlorazol Black BH Dye 

Decolorization  

3.2.1 Primary experiments for photocatalyst samples 

 Initially, to determine the best photocatalyst among the prepared 

and commercial photocatalysts, using 50 ppm of chlorazol black BH dye,  

0.1 g from all photocatalysts (TiO2 commercial, preparedα-MoO3, and 

prepared α-MoO3/TiO2 nanocomposite),  initial pH of dye solution 7.6 at 

18 ºC,  and with the adsorption time at 15 min and 30 min was used, and 

adsorbtion time of 30 min was the best to reach the equilibrium time. And 

found in tables (3-3),(3-4) and figure(3-9), the fast reaction(high rate 

constant) and best photodecolorization efficiency for chlorazol black BH 

are with using prepared α-MoO3/TiO2 nanocomposite at 100 min equal to 

0.0098 min-1 56.54008 %, respectively. That attitude increases the 

lightness of α-MoO3, and elevated the acidity of their surface after 

incorporated with TiO2 which leads to an increase in the hydroxyl ions 

adsorption [134, 137], that generated under exposure to the suspension 

solution of photocatalysts to UV light and produce hydroxyl radicals [148, 

149]. From the other side, this modification of the surface will increase 

the separation of charges on photocatalyst surface (electron-hole) and 

inhibited the recombination process [150]. 

Table (3-3). The Ln (Co/Ct) of initial experiments (0.1 g) dose with (50 ppm in 100 

mL D.W) solution of chlorazol black BH dye. 

 

Time         Sample 

(min) 

       ⁄   

TiO2 α-MoO3 α-MoO3/TiO2 

0 0 0 0 

10 0.050431 0.160343 0.29191 

20 0.067823 0.223144 0.362115 

30 0.085522 0.310155 0.457425 

40 0.092691 0.351398 0.505216 

50 0.129325 0.394415 0.562785 

60 0.151967 0.439367 0.655876 

70 0.182978 0.474458 0.705886 

80 0.239673 0.554997 0.76758 

90 0.260726 0.594476 0.804621 

100 0.326684 0.621688 0.833331 

k app/min
-1

 0.0029 0.007 0.0098 
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Table (3-4).  The PDE % of initial experiments (0.1 g) dose with (50 ppm in 100 

mL D.W) solution of chlorazol black BH dye. 

 

Time         Sample 

(min) 

PDE% 

TiO2 α-MoO3 α-MoO3/TiO2 

0 0 0 0 

10 4.918033 14.81481 25.31646 

20 6.557377 20 30.37975 

30 8.196721 26.66667 36.70886 

40 8.852459 29.62963 39.66245 

50 12.13115 32.59259 43.03797 

60 14.09836 35.55556 48.10127 

70 16.72131 37.77778 50.63291 

80 21.31148 42.59259 53.5865 

90 22.95082 44.81481 55.27426 

100 27.86885 46.2963 56.54008 

 

In this work, only commercial rutile-TiO2 and α-MoO3/TiO2 

nanocomposite were used, with α-MoO3 being left out, via application 

experiments for decolorizing of chlorazol black BH dye from aqueous 

solution in presence of various parameters such as (photocatalyst dose, 

initial pH, and temperature). Because the amount of α-MoO3 generated by 

the hydrothermal method is very limited, and the time is lost due to 

corona (Covide 19). 
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Figure (3-9). (a) The change of  the k app with photocatalyst samples (b) Effect of 

samples on photodecolorization efficiency. 

 

3.2.2 Effect of Parameters on Photocatalytic Reaction of 

Decolorization of Chlorazol Black BH Dye. 

The effect of parameters on decolorization was done using 

photocatalysts TiO2 and α-MoO3/TiO2 nanocomposite. 

 

3.2.2.1 Effect of Dose Catalyst on Dye Solution 

 The effect of the dose has been studied for commercial TiO2 and 

the synthesized α-MoO3/TiO2 nanocomposite on the photocatalytic 

decolorization of chlorazol black BH dye solution was performed at 

temperature 291.15 K  and pH = 7.6 with a light intensity equal to 

2.95      Enstine    . 

 

 

a 

b 

α-MoO3/TiO2 

TiO2 

α-MoO3/TiO2 α-MoO3 
TiO2 
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A. Effect of Dose for Commercial TiO2 Photocatalyst on Dye solution:  

 This effect is necessary to determine the cost-benefit amount before 

and after the modification of the photocatalyst surface.  

Table (3-5): The change of the Ln (Co/Ct) with irradiation time at the different 

dose of commercial TiO2 via photocatalytic decolorization of chlorazol black BH 

dye. 

 

               Doses 

                (g) 

Time 

(min) 

Ln (Co/Ct) 

0.100 0.200 0.300 0.400 0.500 0.600 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.050 0.070 0.210 0.150 0.124 0.133 

20 0.067 0.176 0.451 0.239 0.315 0.133 

30 0.085 0.240 0.540 0.293 - 0.470 

40 0.092 0.294 0.568 - - - 

50 0.129 0.389 - - 1.243 - 

60 0.151 0.413 1.145 - 1.618 0.693 

70 0.182 0.445 1.212 0.852 1.713 0.693 

80 0.239 0.453 1.597 0.997 2.001 - 

90 0.260 0.478 1.682 1.220 2.224 - 

100 0.326 0.495 1.851 1.508 2.512 0.980 

kapp/ min
-1

 0.0029 0.0059 0.0186 0.0199 0.025 0.0104 

 

Table (3-6). The change of the (PDE %) with irradiation time at a different dose of 

commercial TiO2 via photocatalytic decolorization of chlorazol black BH dye. 

 

            Doses      

               (g) 

 Time  

(min) 

PDE % 

0.100 0.            0.200 0.300 0.400 0.500 0.600 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 4.918 8.854 19.008 13.934 11.711 12.499 

20 6.557 18.750 36.363 21.311 27.027 12.499 

30 8.196 23.958 41.735 25.409 30.630 37.499 

40 8.852 25.520 43.388 27.868 41.441 56.249 

50 12.131 32.291 46.280 32.786 71.171 62.499 

60 14.098 33.854 68.181 40.163 80.180 49.999 

70 16.721 35.937 70.247 57.377 81.981 49.999 

80 21.311 36.458 79.752 63.114 86.486 43.749 

90 22.950 38.020 81.404 70.491 89.189 62.499 

100 27.868 39.062 84.297 77.868 91.891 62.499 
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Figure (3-10). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at a different 

dose of commercial TiO2, (b) Relationship between (k app)  apparent rate 

constant and a different dose commercial TiO2, (c) Effect of a different dose of 

commercial TiO2 on ( PDE%) photodecolorization efficiency.   

 

 

a 

b 

c 

Dose of TiO2 (g/100 mL) 

K
 a

p
p

/m
in

-1
 

Dose of TiO2 (g/100 mL) 
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B. Effect of Dose for (α-MoO3 /TiO2) Nanocomposite Photocatalyst on 

Dye Solution:  

Table (3-7). The change of the Ln (Co/Ct) with irradiation time at a different dose 

of prepared (α-MoO3/TiO2) nanocomposite via photocatalytic decolorization of 

chlorazol black BH dye. 

 

               Doses 

                (g) 

Time 

(min) 

Ln (Co/Ct) 

0.100 0.200 0.300 0.400 0.500 0.600 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.291 0.126 0.240 0.618 0.305 0.693 

20 0.362 0.156 0.357 0.711 0.487 0.860 

30 0.457 0.193 0.425 1.023 0.784 1.060 

40 0.505 0.219 0.480 1.507 0.974 1.312 

50 0.562 0.321 0.578 2.122 - 1.312 

60 0.655 - 0.687 2.720 1.645 1.871 

70 0.705 - 0.835 3.508 2.251 2.564 

80 0.767 0.517 0.933 4.019 2.944 2.564 

90 0.804 0.608 1.058 4.424 4.043 3.258 

100 0.833 0.657 1.241 5.117 4.736 3.258 

kapp/ min
-1

 0.0098 0.0066 0.0121 0.0483 0.039 0.0335 

 

Table (3-8). The change of the (PDE %) with irradiation time at a different dose 

of prepared (α-MoO3/TiO2) nanocomposite via photocatalytic decolorization of 

chlorazol black BH dye. 

 

           Doses 

               (g) 

 Time  

(min) 

PDE % 

0.100 0.            0.200 0.300 0.400 0.500 0.600 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 25.316 11.917 21.387 46.107 26.315 49.999 

20 30.379 14.507 30.057 50.898 38.596 57.692 

30 36.708 17.616 34.682 64.071 54.385 65.384 

40 39.662 19.689 38.150 77.844 62.280 73.076 

50 43.037 27.461 43.930 88.023 73.684 73.076 

60 48.101 28.497 49.710 93.413 80.701 84.615 

70 50.632 30.051 56.647 97.005 89.473 92.307 

80 53.586 40.414 60.693 98.203 94.736 92.307 

90 55.274 45.595 65.317 98.802 98.245 96.153 

100 56.540 48.186 71.098 99.401 99.122 96.15384 
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Figure (3-11). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at a different 

dose of prepared α-MoO3 /TiO2 nanocomposite, (b) Relationship between the (k 

app) apparent rate constant and a different dose prepared α-MoO3 /TiO2, (c) 

Effect of a different dose of prepared α-MoO3/TiO2 on ( PDE%) 

photodecolorization efficiency.  

 

 

a 

b 

 

c 

Dose α-MoO3/TiO2 (g/100 mL) 
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Based on the results from tables (3-5) to (3-8) and figures (3-10) 

and (3-11) obtained, that the apparent rate constant (kapp) and 

photodecolorization efficiency (PDE %) increases with increasing the 

dose of the photocatalyst from 0.1 g to 0.5 g and 0.4 g for using the 

commercial TiO2 and prepared α-MoO3/TiO2 nanocomposite and the PDE 

% equal 91.891 and 99.401 respectively.  Following these results, the rate 

constant and efficiency of the photoreaction reduces after these values that 

due to the screening effect, which results in high turbidity of the 

photocatalyst solution and will decrease the light passing through the 

solution [151]. 

 

3.2.2.2 Effect of Temperature    

The effect of temperature has been performed in various ranges 

(283.15 - 298.15) K for the photocatalytic decolorization of chlorazol 

black BH dye. To maintain temperatures within the specified range, a 

water bath containing ice was used. 

 

A. Effect of Temperature on Dye Solution by Commercial TiO2: 

The experimental condition includes a 50 ppm initial dye 

concentration, a dose of commercial TiO2 (0.5 g /100mL), a pH = 7.6, and 

a light intensity equal to 2.95      Enstine      
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Table (3-9). The change of the Ln (Co/Ct) with irradiation time at different 

temperatures of commercial TiO2 via photocatalytic decolorization of chlorazol 

black BH dye. 

 

            t  / K  

                

 Time  

(min) 

Ln (Co/Ct) 

283.15               288.15 291.15 298.15 

0 0.000 0.000 0.000 0.000 

10 0.253 0.270 0.124 0.562 

20 0.410 0.487 0.315 0.729 

30 0.545 0.625 - 0.881 

40 0.888 0.747 - 0.961 

50 1.238 1.125 1.243 1.094 

60 1.581 1.740 1.618 1.156 

70 2.033 1.902 1.713 1.351 

80 2.726 2.538 2.001 1.593 

90 3.063 2.790 2.224 1.654 

100 3.574 3.349 2.512 1.811 

k app/min
-1

 0.0315 0.0279 0.0201 0.0198 

 

Table (3-10). The change of the (PDE %) with irradiation time at different 

temperatures of commercial TiO2 via photocatalytic decolorization of chlorazol 

black BH dye. 

 

            t  / K  

                

 Time  

(min) 

PDE % 

283.15               288.15 291.15 298.15 

0 0.000 0.000 0.000 0.000 

10 22.429 23.684 11.711 43.027 

20 33.644 38.596 27.027 51.792 

30 42.056 46.491 30.630 58.565 

40 58.878 52.631 41.441 61.752 

50 71.028 67.543 71.171 66.533 

60 79.439 82.456 80.180 68.525 

70 86.915 85.087 81.981 74.103 

80 93.457 92.105 86.486 79.681 

90 95.327 93.859 89.189 80.876 

100 97.196 96.491 91.891 83.665 
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Figure (3-12). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at different 

temperatures of commercial TiO2,  (b) Effect of the different temperature of 

commercial TiO2 on ( PDE%) photodecolorization efficiency. 

 

Table (3-11). Relationship between (1/T) with ln kapp and ln (kapp/T) of 

commercial TiO2 via photocatalytic decolorization of chlorazol black BH dye 

t (ºC) T(K) 1/T kapp/ min
-1 

ln kapp ln(kapp./T) 

10 283.15 3.5316 0.0315 -3.4577 -9.1037 

15 288.15 3.4704 0.0279 -3.5791 -9.2426 

18 291.15 3.4112 0.0201 -3.9070 -9.5808 

25 298.15 3.3540 0.0198 -3.9220 -9.6196 

 

 

 

 

a 

 

b 
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Figure (3-13). (a) Eyring–Polanyi equation plot ln (k app/T) VS. 1000/T (b) 

Arrhenius  equation plot by commercial TiO2 via photocatalytic decolorization of 

chlorazol black BH dye. 

 

B. Effect of Temperature on Dye Solution by α-MoO3/TiO2 

Nanocomposite:  

The experimental condition includes a 50 ppm initial dye 

concentration, a dose of prepared α-MoO3/TiO2 (0.4 g /100mL), a pH = 

7.6, and a light intensity equal to 2.95      Enstine      

 

 

a 

b 
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Table (3-12). The change of  the Ln (Co/Ct) with irradiation time at different 

temperatures of prepared α-MoO3/TiO2 nanocomposite via photocatalytic 

decolorization of chlorazol black BH dye. 

 

            t  / K  

                

 Time  

(min) 

Ln (Co/Ct) 

283.15               288.15 291.15 298.15 

0 0.000 0.000 0.000 0.000 

10 0.238 0.316 0.618 0.770 

20 0.420 0.453 0.711 0.956 

30 0.484 0.716 1.023 1.160 

40 0.624 0.816 1.507 1.273 

50 - 1.122 2.122 1.496 

60 - 1.768 2.720 1.565 

70 1.417 2.220 3.508 1.877 

80 - 2.461 4.019 2.094 

90 2.397 2.780 4.424 2.372 

100 3.208 3.761 5.117 4.897 

k app/min
-1

 0.0264 0.0314 0.0483 0.0333 
 

Table (3-13). The change of the (PDE %) with irradiation time at different 

temperatures of prepared α-MoO3/TiO2 nanocomposite via photocatalytic 

decolorization of chlorazol black BH dye. 

 

            t  / K  

                

 Time  

(min) 

PDE % 

283.15               288.15 291.15 298.15 

0 0.000 0.000 0.000 0.000 

10 21.212 27.131 46.107 53.731 

20 34.343 36.434 50.898 61.567 

30 38.383 51.162 64.071 68.656 

40 46.464 55.813 77.844 72.014 

50 54.545 67.441 88.023 77.611 

60 65.656 82.945 93.413 79.104 

70 75.757 89.147 97.005 84.701 

80 83.838 91.472 98.203 87.686 

90 90.909 93.798 98.802 90.671 

100 95.959 97.674 99.401 99.253 
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Figure (3-14). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at a different 

temperatures of prepared α-MoO3/TiO2 nanocomposite,  (b) Effect of the  

different temperatures of prepared α-MoO3/TiO2 nanocomposite on (PDE%) 

photodecolorization efficiency. 

 

Table (3-14). Relationship between (1/T) with ln kapp and ln (kapp/T) of prepared 

(α-MoO3/TiO2) nanocomposite via photocatalytic decolorization of chlorazol 

black BH dye. 

t (ºC) T(K) 1/T kapp/ min
-1 

ln kapp ln(kapp./T) 

10 283.15 3.5316 0.0264 -3.6343 -9.2803 

15 288.15 3.4704 0.0314 -3.4609 -9.1244 

18 291.15 3.4346 0.0483 -3.0303 -8.7041 

25 298.15 3.3540 0.0333 -3.4021 -9.0997 

 

 

a 

 

b 
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Figure (3-15). (a) Eyring–Polanyi equation plot ln (k app/T) VS. 1000/T (b) 

Arrhenius equation plot by prepared (α-MoO3/TiO2) nanocomposite via 

photocatalytic decolorization of chlorazol black BH dye.  

 

Table (3-15). The calculated activation kinetic and thermodynamic functions for 

decolorization of chlorazol black BH dye using commercial TiO2 and prepared 

(α-MoO3/ TiO2) nanocomposite. 

 

 

Samples 

 

Ea /kJ mol
-1

 ∆H
 #
/kJ mol

-1
 ∆S

 #
/ J mol

-1
 K

-1 
∆G

 #
/kJ mol

-1
 

TiO2 -24.202 -26.510 -366.821 80.290 

( α-MoO3/TiO2)  12.929 10.513 -236.554 

ُ

79.385ُ

 

 

 

a 

b 



Chapter Three                                         Results and Discussion      

 59  
 

Depending on the results shown in the tables from (3-9) to (3-15) 

and figures from (3-11) to (3-14), the photocatalyst reaction was 

accelerated to the decolorization of the chlorazol black BH dye when the 

temperature was increased with the α-MoO3/TiO2 nanocomposite, but 

with the using TiO2, it is found the opposite. 

The activation energy after incorporation of TiO2 with α- MoO3 

surface increased from (-24.202 kJ mol
-1

) to (12.929 kJ mol
-1

) for TiO2 

and α-MoO3/TiO2 nanocomposite  respectively, the negative value of (Ea) 

may indicate that the studied photoreaction has multi-steps binding, one of 

which may be exothermic then conversion at a very low positive 

activation energy value via a series of chain reactions. This case leads to 

dye decolorize at temperatures ranging from 283.15 to 298.15 K, and as 

the temperature rises, the catalyst may become deactivated.  The change 

in enthalpies (∆H
#
) was positive for α-MoO3/TiO2 nanocomposite which 

indicated the reaction endothermic, this case is a favor in photoreaction, 

while, the change in enthalpies (∆H
#
) was negative for using TiO2 that 

referred to be as an exothermic reaction [116].  The change in Gibbs free 

energy (∆G
#
) is positive for both reactions using TiO2 and nanocomposite, 

which indicated to non-spontenous reaction. The change in entropy (∆S
#
) 

for both reactions is negative that due to reduce the random dye solution 

after the decolorization reaction. From the other side, the positive values 

of (∆H
#
) and (∆G

#
)  using nanocomposite attitude to increase in the 

solvated intermediate between dye and hydroxide radical 
∙
OH [152]. 

 

3.2.2.3 Effect of Initial pH of the Solution on Dye 

Decolorization. 

 The effect of initial pH has been performed using a range of pH 

from 4 to 9 and at conditions: the concentration of dye 50 ppm in 100 mL, 

at 291.15 K, doses of photocatalysts commercial TiO2, α-MoO3/TiO2 

nanocomposite at 0.5 g, and 0.4 g respectively, and same the light 

intensity.  

 

 



Chapter Three                                         Results and Discussion      

 60  
 

A. Effect of Initial pH of Chlorazol Black BH Dye Solution by 

Commercial TiO2: 

 

Table (3-16). The change of the Ln (Co/Ct) and irradiation time at a different 

initial pH of chlorazol black BH dye by commercial TiO2. 

 

Time       pH 

  (min) 

Ln (Co/Ct) 

4.31 5.04 6.02 7.6 9 

0 0.000 0.000 0.000 0.000 0.000 

10 0.516 0.095 - 0.124 0.332 

20 0.725 - - 0.315 0.650 

30 1.131 0.788 1.945 0.365 0.707 

40 1.419 1.011 2.100 - 0.832 

50 1.642 - 2.282 1.243 0.866 

60 2.181 1.704 2.793 1.618 0.995 

70 2.517 2.397 3.198 1.713 1.056 

80 2.740 2.397 3.198 2.001 1.120 

90 3.433 7.495 3.891 2.224 1.238 

100 4.820 8.628 3.891 2.512 1.316 

k app/min
-1

 0.0392 0.058 0.0432 0.0246 0.0151 

 

Table (3-17). The change of the (PDE %) and irradiation time at a different 

initial pH of chlorazol black BH dye by commercial TiO2. 

 

Time       pH 

  (min) 

PDE % 

4.31 5.04 6.02 7.6 9 

0 0.000 0.000 0.000 0.000 0.000 

10 40.322 9.090 10.204 11.711 28.260 

20 51.612 27.272 83.673 27.027 47.826 

30 67.741 54.545 85.714 30.630 50.724 

40 75.806 63.636 87.755 41.441 56.521 

50 80.645 63.636 89.795 71.171 57.971 

60 88.709 81.818 93.877 80.180 63.043 

70 91.935 90.909 95.918 81.981 65.217 

80 93.548 90.909 95.918 86.486 67.391 

90 96.774 99.944 97.959 89.189 71.014 

100 99.193 99.982 97.959 91.891 73.188 
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Figure (3-16). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at a different pH 

solution of commercial TiO2, (b) Relationship between the (k app) apparent rate constant  

and the different pH solution of commercial TiO2, (c) Effect  the different pH solution of 

commercial TiO2 on ( PDE%) photodecolorization efficiency. 
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B. Effect of Initial pH of Chlorazol Black BH dye Solution by α-

MoO3/TiO2 Nanocomposite. 

 

Table (3-18). The change of  the Ln (Co/Ct) and irradiation time at a different 

initial pH of chlorazol black BH dye by (α-MoO3/TiO2)  nanocomposite. 

 

 

Table (3-19). The change of the (PDE %) and irradiation time at a different 

initial pH of chlorazol black BH dye by (α-MoO3/TiO2) nanocomposite.   

 

Time       pH 

  (min) 

PDE % 

4.01 5.15 6.02 7.6 9 

0 0.000 0.000 0.000 0.000 0.000 

10 15.555 15.384 43.076 46.107 6.508 

20 40 23.076 61.538 50.898 11.242 

30 55.555 48.717 73.846 64.071 14.201 

40 60 55.128 76.923 77.844 16.568 

50 77.777 73.076 84.615 88.023 18.934 

60 80 79.487 89.230 93.413 21.301 

70 84.444 88.461 93.846 97.005 24.260 

80 91.111 93.589 96.923 98.203 27.219 

90 97.777 96.153 98.461 98.802 29.585 

100 97.777 98.717 98.461 99.401 30.769 

 

 

Time       pH 

  (min) 

Ln (Co/Ct) 

4.01 5.15 6.02 7.6 9 

0 0.000 0.000 0.000 0.000 0.000 

10 0.169 0.167 0.563 0.618 0.067 

20 0.510 0.262 0.955 0.711 0.119 

30 0.810 0.667 1.341 1.023 0.153 

40 0.916 0.801 1.466 1.507 0.181 

50 1.504 1.312 1.871 2.122 0.209 

60 1.609 1.584 2.228 2.720 0.239 

70 1.860 2.159 2.788 3.508 0.277 

80 2.420 2.747 3.481 4.019 0.317 

90 3.806 3.258 4.174 4.424 0.350 

100 3.806 4.356 4.174 5.117 0.367 

k app/min
-1

 0.0336 0.0343 0.042 0.0483 0.004 
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Figure (3-17). (a) The change of the Ln (Cₒ/Ct) with Irradiation time at the 

different pH solution of (α-MoO3 /TiO2) nanocomposite, (b) Relationship between 

the (k app) apparent rate constant and the different pH solution of (α-

MoO3/TiO2) nanocomposite, (c)Effect of the different pH  solution of (α-

MoO3/TiO2) nanocomposite on ( PDE%) photodecolorization efficiency.  
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The results above mentioned from tables (3-16) to (3-19) and 

figures (3-15) and (3-16)  explained that the rate constant and efficiency 

of these photoreactions to the nanocomposite increases with the increase 

of the initial pH of the chlorazol black BH dye solution but decreased with 

using the commercial TiO2. The optimum initial pH values for using 

commercial TiO2, and (α-MoO3/ TiO2) nanocomposite are 5.04 and 7.6 

with efficiency PDE% are 99.982 and 99.401 respectively. That attitude to 

be positively charged with TiO2 and nanocomposite before mention pH. 

In contrast, after more value of this pH, the efficiency and rate constant of 

this photoreaction reduced, which indicates to negatively charge have 

occurred on TiO2 and nanocomposite surfaces with increasing the 

hydroxyl ion adsorption.  This case will cause coulombic repulsion 

between the negatively charged surface of the photocatalyst and the 

electronic density of lone pair electron on dye structure in the basic 

medium [153].  

 

3.3 Suggested Mechanism for Dye Decolorization  

 The decolorization of the chlorazol black BH dye under UV-A light 

and photocatalysts produces a hydroxyl radical (
∙
OH), which degrades the 

chromophores groups on dye and produces CO2 and H2O, as well as 

inorganic products as final products. Figure (3-17) displays the suggested 

decolorization mechanism for chlorazol black BH dye [116] under 

photocatalytic and light.  
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Figure (3-18).  The schematic diagram mechanism for photodecolorization of 

chlorazol black BH dye [116].   
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3.4 Conclusions  

This study focused on preparing the α-MoO3 and then combining it with 

TiO2 to produce α-MoO3/TiO2 nanocomposite, and then they were applied 

with chlorazol black BH dye solution to test their efficiency for dye 

decolorization as a photocatalysts. The main conclusions can be 

summarized as follows:  

1) The preparation of α-MoO3 nanobelts, were successfully prepared 

by hydrothermal method, when confirmed by XRD, SEM, FTIR, 

technique, and Bg measurements.   

2) The preparation of α-MoO3/TiO2 nanocomposite, were successfully 

prepared by ultrasonic technique in aqueous solutions, where the 

surface of rutile-TiO2 was modified by incorporating it with α-

MoO3. 

3) XRD data results indicated the synthesis of α-MoO3 is 

orthorhombic, and it's incorporated with rutile-TiO2 as α-MoO3/TiO2 

nanocomposite, depending on Scherer equation the mean crystallite 

sizes were calculated for commercial TiO2, prepared α-MoO3 

nanobelts, and α-MoO3/TiO2 nanocomposite, and found to be in 

nano-sizes. 

4)  SEM images showed that the shapes of TiO2 with its 

nanocomposite are  semi-spherical and semi-spherical agglomerate 

respectively because of the large amount of TiO2 dispersive and 

binding with α-MoO3, while the α-MoO3 is having nanobelts shape. 

5) It can be concluded that the prepared α-MoO3, commercial TiO2, and 

α-MoO3/TiO2 are photocatalysts by plotting the Tauc equation, the 

band gaps of α-MoO3 nanobelts, TiO2, and its nanocomposite are 

direct band gap, indirect band gap, and indirect band gap, 

respectively.  
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6) The photodecolorization reactions of chlorazol black BH dye using 

the α-MoO3 nanobelts, TiO2, and α-MoO3/TiO2 nancomposite for 

100 min are pseudo-first-order kinetic. The efficiency of this 

photoreaction using the α-MoO3/ TiO2 nanocomposite is higher than 

the use of both α-MoO3 and TiO2 at 18 
ο
C and 400 mg/100 mL. 

 

7) The activation energy of the photoreaction of Chlorazol black BH 

dye decolorization using prepared α-MoO3/TiO2 nanocomposite 

decreases compared with using α-MoO3 and TiO2 alone. 

 

8) The optimum conditions for the photodecolorization reactions  with 

TiO2  where the dose was 0.5 g, temperature 283.15 K, and  pH 

value was 5.04, while with α-MoO3/TiO2 nanocomposite the dose 

was 0.4 g, temperature 291.15 K, and pH value was 7.6.   
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3.5 Recommendations 

 In the future, the following recommendations should be used: 

1) Calcination process for prepared α-MoO3 and α-MoO3/TiO2 

nanocomposite to obtain a new crystal size. 

2) Preparation of α-MoO3 using alcohol instead of D.W as solvent of 

precursor materials (Na2 MoO4 . 2H2O) as solvothermal method, to 

change the morphology and optical properties of prepared α-MoO3 

and α-MoO3/TiO2 nanocomposite. 

3)  Doped certain transition metals on α-MoO3 and α-MoO3/TiO2 

nanocomposite to reduce the recombination process.  

4) Studying the other characterization of the prepared α-MoO3 and α-

MoO3/TiO2 nanocomposite such as XPS, SEM-EDX, and surface 

area by BET.  

5) Studying the zero point charge of the prepared α-MoO3 and α-

MoO3/TiO2 nanocomposite.     

6) Application of the various conditions such as different doses, at 

different temperatures, various initial pH values of solution, and 

Fenton reaction to determine the optimum conditions using the α-

MoO3.   

7) Incorporated α-MoO3 with Al2O3 as a nanocomposite to use it as a 

petroleum catalyst to treat certain problems.  

8) Study the properties of produced water after AOPs of dye solution 

such as pH,  type and amounts of cationic and anionic…etc.  
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 الخلاصت

ُُُزاُانًششٔعُيٍُثلاثخُاخضاءُسئٍسٍخ:ٌزكٌُْٕ

ُ ُانًٕنٍجذٌُٕو ُأكسٍذ ُثبنث ُرسعٍش ُالٔل ُاندضء α-MoO3ٌُُزعًٍ َُبٌَٕخ ثبسزؼًبلُكبزضيخ

ُ ُانٍٓذسٔثٍشيم. ُغشٌقخ ُانزفبػمُار ُثٕسبغخ ُانًسعشح ُانًبدح ُثبثؼبد ُانزسكى ُانطشٌقخ ُثٓزِ رى

ُ)(Na2MoO4.2H2Oثٍٍ ُانًخفف ُٔزبيطُانٓذسٔكهٕسٌك ُثبدئخ ُكًبدح )HClُُرسعٍش ُرى .)

ثبسزخذاوُرقٍُخُانًٕخبدُفٕق9.75 (TiO2ُُ:)ُ(MoO3) 0.25انًزشاكتُانُبَٕيُثُسجخُٔصٍَخُ

ُانصٕرٍخُ،ُٔانزًُرؼزجشُغشٌقخُسشٌؼخُ،ُٔثسٍطخ،ُُُٔصذٌقخُنهجٍئخ.

ُ ُانثبًَ ُاندضء ٌُزؼبيم ُانًسعشح ُانًسفضاد ُرٕصٍف ُانُبَٕيα-MoO3ُُُُُُُُُُُيغ ُٔانًزشاكت ،

α-MoO3/TiO2ُسئُانزدبTiO2زٍثُرىُيطبثقخَُزبئحُرسهٍمُزٍٕدُالشؼخُانسٍٍُخُنهًسعش. ُُ

α-MoO3ُُيغ ُُٔرأكٍذTiO2ُٔيزشاكجّ ُانقٕح ُشذٌذح ُػهىُظٕٓسُقًى ُثُدبذُثُبءا ػُذُرسعٍشْب

-α(.ُٔأشبسُرسهٍمُانًدٓشُالنكزشًَُٔانًبسرُانىُشكم060ُ(،ُٔ)040(،ُ)020يؤششادُيٍهشُ)

MoO3ُ،ثًٍُبُكبَذُأشكبلُُٔٔخذُاَُّثٍٓبحُأزضيخَُبٌَٕخTiO2ُُكشٌٔخُ-شجُّانُبَٕئُانًزشاكت

-α .ُٔيٍُخلالُاغٍبفُالشؼخُرسذُانسًشاءُرىُرأكٍذُرسعٍشكشٌٔخُػهىُانزٕانً-ٔردًؼبدُشجّ

MoOُُّانُبَٕئُيزشاكجα-MoO3/TiO2ٍٍُُسٔاثػُالٔكسد ُيٍ ُقًى ُظٕٓس فهضػُذُُ-َزٍدخ

675 cm
-1

ُانىُُ  Ti-Oُُرؼٕد cm 559ٔػُذ
-1

ُانىُُ ُانسضيخMo-Oُرؼٕد ُزسبةُفدٕح ُٔرى .

Bg)ُ ُيؼبدنخ ُثٕاسطخ )Taucُُ،ُظٕئٍخ ُيسفضاد ًُْ ُانًسزخذيخ ُانًسفضاد ُخًٍغ ُاَّ ٔٔخذ

ُُانُبَٕيُانزدبسئُيزشاكجTiO2ُّٔارعرُاَُّ ُثًٍُب ُغٍشُيجبششح، ُزضيخُفدٕح α-MoO3ُنًٓب

 2.8انًسعشُنذٌُّزضيخُفدٕحُيجبششح،ُارُكبَذُقٍىُزضيخُانفدٕحُنهًسفضادُانعٕئٍخُرسبٔيُ

eV, 2.95 eV, 3 eV ُُُ.ًُػهىُانزٕان

ُ،ُُٔيزشاكجα-MoO3ُ،TiO2ّػهىُقذسحُٔأخزجبسُكفبءحُانًسفضادُانعٕئٍخُسكضُاندضءُانثبنثُ

كًُٕرجُنهذساسخ.ُرىBHُُػهىُأصانخُنٌُٕصجغخُانكهٕساصٔلُانسٕداءα-MoO3/TiO2ُُُانُبَٕي

ُ ُانًسفضادُانعٕئٍخ ُثأسزخذاو ُنهصجغخ ُانهٍَٕخ ُػهىُالأصانخ ُانًخزهفخ ُانؼٕايم ُرأثٍش TiO2ُدساسخ

ُانًسفضُانعٕئً،ُ α-MoO3/TiO2 انُبَٕئُيزشاكجّ ُكًٍخ ُزٍثُرزعًٍُانؼٕايمُانًسزخذيخ .

ُاززسبةُانؼٕ ُرى ُكًب ُنهًسهٕل. ُالثزذائٍخ ُانسبيعٍخ ُٔانذانخ ُانسشاسح، ايمُانثشيٕدٌُبيٍكٍخُٔدسخخ

زٍثُرىُاثجبدُثأGibbsٌُُٔيؼبدنخEyring-PolanyiُُٔيؼبدنخArrheniusُُُثأسزخذاوُيؼبدنخُُ

ثًٍُبُُ، TiO2 ْزاُانزفبػمُانعٕئًُُْٕثبػثُنهسشاسح،ُُٔأقمُػشٕائٍخُ،ُٔغٍشُرهقبئًُيغُاسزخذاو



 

 
 

ُُٔأقمُػشٕائٍخ،ٌُكٌُٕانزفبػمُيبصُنهسشاسح،α -MoO3/TiO2ُيغُأسزخذاوُانًزشاكتُانُبَٕيُ

ُ.ٔغٍشُرهقبئً

ُانُبَٕيُ ُانًزشاكت ُثأسزخذاو ُظٕئٍب ُانهٌٕ ُلأصانخ ُفؼبنٍخ ُاقصى ُػهى ُانسصٕل ُرى ار

MoO3/TiO2-αٌُُٔؼضاُسجتُرنكُانىُصٌبدحُزًٕظخMoO3-αُُثؼذُديدُّفًُانشجكخُانجهٕسٌخ

ُ ُصجTiO2. يٍ ُػهى ُثبلػزًبد ُكبرثّ ُأنى ُدسخخ ُرفبػم ُانعٕئً ُانزفبػم ُْزا ٌُؼذ غخُزشكٍب

ُُ.BHكهٕساصٔلُانسٕداءُ

ُ

ُ

ُ

ُ

ُ



 

 
 

ُ

  جوهىرٌت العراق 

 وزارة الخعلٍن العالً والبحث العلوً 

 قسن الكٍوٍاء –كلٍت العلىم  - جاهعت كربلاء

 

 

فً وحطبٍقه  MoO3/TiO2) ) النانىي الوخراكب ححضٍر ودراست

 الازالت اللىنٍت

ُ

 هقذهت الىرسالت 

هن هخطلباث نٍل شهادة اهعت كربلاء وهً جسء ج -هجلس كلٍت العلىم

 الواجسخٍر فً الكٍوٍاء 

 

  حقذهج بها 

   اهانً جبار عبٍذ

ُكشثلاءُخبيؼخُ/ُ(2016كًٍٍبءُ)ُػهٕوُثكهٕسٌٕط
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