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ABSTRACT 

 

Full Name : Mohammed Altahir Ibrahim Suliman 

Thesis Title : Photocatalytic degradation of persistent organic pollutants from water 

using nanostructured metal oxides 

Major Field : Chemistry 

Date of Degree : May, 2017 

 

In the presented work, photocatalytic method was developed for the degradation of 

Atrazine in water samples. Highly ordered mesoporous Ag-WO3/SBA-15 composites 

were tested as photocatalysts for the degradation of atrazine in water. It was found that 40 

% WO3 loading rendered an optimum surface area and material content in the SBA-15 

template and hence favored the enhanced photocatalytic degradation of atrazine. The 

further addition of Ag nanoparticle onto the WO3/SBA-15 composite not only made this 

catalyst very effective in the most sought visible region due to solar energy harvesting, 

but also significantly reduced the electron-hole recombination as evidenced by 

photoluminescence studies to enhance the degradation efficiency. As a result, the Ag-

WO3/SBA-15 composite the photocatalytic degradation of atrazine in water under visible 

radiation was significantly enhanced. 

Furthermore, series  of novel photocatalysts were synthesized and a significant 

enhancement photocatalytic degradation of atrazine and methylparaben in water was 

achieved under visible light excitation, when the Ag nanoparticles (NPs) loaded AgBr-

mesoporous-WO3 composite was used. The enhanced photocatalytic degradation is due 

to the surface plasmonic resonance (SPR) resulted from the introduction of Ag 

nanoparticles (NPs) on the surface of the catalyst, besides the reduction of electron-hole 
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recombination brought about by the formation of heterojunction in the semiconductor 

composite. Highly ordered mesoporous-WO3 (m-WO3) was synthesized by sol-gel 

method and AgBr  (NPs) were introduced in the pores of m-WO3 and subsequently, Ag 

nanoparticles were introduced by light irradiation. The morphological and optical 

characterization of the synthesized photocatalysts was carried out using SEM, TEM, 

XDR, N2 adsorption-desorption, UV-Vis diffuse reflectance spectroscopy (DRS). Also, 

the photocatalytic studies using radical scavengers indicated that O2
−•, •OH, and Br0 are 

the main reactive species.  
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ABSTRACT IN ARABIC 

 
 ليماناهر إبراهيم سُ الط   ُمحّمد :الكاملاالسم 

 
 العضوية من المياه باستخدام أكاسيد المعادن النانوية لتكسير الملوثاتالتحفيز الضوئي  :عنوان الرسالة

 
  كيمياء التخصص:

 
 2017ابريل  :الدرجة العلميةتاريخ 

تم دراسة تاثير هذه من مركبات اكاسيد الفلز النانوية و الضوئية في هذا العمل لقد قمنا بتحضير عدد من المحفزات

اجريت التجارب علي مركبات عالية ماء. ال من عينات فيزاله الملوثات العضوية صعبة اإل المحفزات في تكسير

مركب االترازين في الماء. وجد ان  التنجستن( لتكسيرالفضة / ثالث اوكسيد  )مركباتالترتيب المثقبه من مركبات 

 مساحة السطح العالية هوالمحفز االنسب اتوذ SBA-15)بمادة ) المئة من ثالث اوكسيد التنجستن المطليباربعين 

سطح معقد ثالث اكسيد  علىلتكسير مركب االترازين في الماء. باالضافة الى ذلك، وجد ان إضافة عنصر الفضة 

الى انه يمكن ان يقلل من انكماش  ىبل تعدئي يستخدم اشعة الضوء المر هليس فقط ان( SBA-15)/التنجستن

جة لذلك وجد ان المعقد فعال جدا لتكسير يوالذي اثبت عن طرق دراسة التوهج. ونت والكيان الموجبااللكترون 

 مركب االترازين تحت اشعة الضوء المرئ.

وجد  حيث 3WO-@m(Ag/AgBrمن ) افة الى ما ذكر اعاله تم تحضير عدد من المعقدات التحفيز الضوئيوباالض

انه عندما اضيف عنصر الفضة النانوي على سطح بروميد  وجد تكسير مركب المثيل برابين حيث علىانها قادرة 

في كفاءة تكسير الميثيل برابين وذلك  قد تبين ان هناك زيادة المنفذ.الفضد الموجود على سطح ثالث اكسيد التنجستن 

سطح المحفز اضافة الى ان تقليل  علىنسبة لظاهرة بالزمن السطوح الناتج من وجود ذرات الفضة نانوية الحجم 

تم  الموصل.المتغاير بين معقد شبة  طرق التكوينمع الكيان الموجب والذي نشأه بدوه عن  نانكمشاش االلكترو

جزيئات بروميد الفضة  اضافةبواسطة طريقة الصول جل ومن ثم تم التنجستن شبه المنفذ  تحضير معقد ثالث اوكسيد

سطح المعقد عن طريق  علىالفضة النانوية  جزيئاتاضافة  ثم تال ذلك المثقب. على ثقوب ثالث اكسيد التنجستن

شف عن ضوئي ومن ثم الكتم اجراء كل عمليات الوصف الضوئي والشكلي لمركبات المحفز ال لقد االختزال الضوئي.

االشعة السينية  وحيود مسحوقوناقل المجهر االلكتروني بواسطة المجهر االلكتروني  الضوئي التصويرمقعد المحفز 
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وتم دراسة كل ما ذكر سابقا للمحفز واالشعة فوق البنفسجية منتشر االنعكاس واالمتزاز االمتصاص للنتروجين 

والمسئولة عن التكسير حيث وجود ان شق حر  النشطة رة المشطةالحضر، واخير تمت دراسة الشقوق الح

  ة والمسئولة عن تكسير مثيل برابين.الهيدروكسيل ووشق حر ايون االكسجين وذرة البروم هم الجزئيات النشط
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction 

Even though water is abundant on Earth, covering 72% of the earth's surface, however, 

0.5% of it is freshwater, and of this, less than 1% is readily accessible for human use1. 

Unfortunately, pollution of water becomes a prevalent threat with the fast development of 

human societies. Organic pollutants are being produced and applied in large amounts 

worldwide and in the kingdom, due to petrochemical, paint, leather and textile industries. 

Widespread contamination of water by organic matter has been recognized as an issue of 

great concern.  

1.2 Examples of common pollutants in water 

Several sources of water pollutants can contaminate our ecosystem.  

(i) Industrial products (lubricants, additive and flame retardants): 

Polychlorinated biphenyls (PCBs), polybrominated and diphenylethers.  

(ii) Industrial product (petrochemicals, solvents, intermediates):  

For example, water contaminated with various organic species (like Methyl-t-

butylether, BTEX (benzene, xylene, toluene), dyes, acetaldehyde, 
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alkylphenols, Methyl tert-butyl ether (MTBE) is a carcinogen to humans and 

is of considerable health concern, even at low (ppm) concentrations.  

(iii) Biocide (nonagricultural biocides, pesticides): dichlorodiphenyltrichloroethane, 

tributyltin, triclosan and atrazine. 

(iv)  Consumer products (pharmaceuticals, detergents, personal care products):   

Firstly, surfactant, synthetic fragrances in which surfactant such as alkyl 

phenol (APs), alkyl. alkyl phenol carboxylate and phenol ethoxylates 

(APEOs). Secondly parabens (e.g. methyl, ethyl propyl- and butylparaben) as 

an example of preservatives. 

(v) Disinfection by-products: such as dichloromethane, haloacetic acids, and bromate. 

(vi) Natural chemical / geogenic (heavy metals, inorganic, cyanotoxines, odor, and 

taste): 

Mercury, arsenic, lead, selenium, fluoride, uranium, geosmin, 

methylisobornel, estrodiol.  

(vii) Transformation products (metabolites from above chemicals): 

Chloroacetanilide herbicide metabolites and metaboliteis of perfluorinated 

compounds.   

The efficient reduction/removal of these organic compounds from water is highly 

desirable for waste water treatment to fulfill the future needs of any country by reuse of 

water.  Many methods have been developed for removal of organic species but still, the 

quest for efficient and cost-effective removal of organic matter in waste water is at full 

swing. The conventional setups for photocatalysis are based on broad spectral lamps and 

which are not effective in terms of reaction rate and requires longer exposure time. For 
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efficient photocatalytic removal of organic pollutants and to overcome the main 

challenges such as longer exposure time, high reaction rate, in photocatalytic process 

being currently applied in conventional ready-made setups, we shall design special 

reactor and apply unique source of radiation like UV/ Visible or lasers to enhance the 

reaction rate and efficient removal of dyes or persistent organic pollutant in waste water 

initially. Once the best catalyst and an excitation wavelength of the laser is identified 

through laboratory scale experiments, a solar-based prototype system will be designed for 

field applications. 

Approximately one billion of people in urban area have no access to a clean source of 

drinking water especially in Asia, Africa and the Caribbean and Latin America. The 

effects of polluted water on the health of more than 1.2 billion people was estimated and 

every year contributes to the death of 15 million children due to water-borne diseases1. 

Due to these causes, the need for development of specific disinfection techniques to 

achieve the objective of water treatment and making better water quality in terms of 

reliability, in addition to economic and environmental criteria2. Various chemical 

processes like chlorination activated carbon, multimedia sand filtration and coagulation 

have been applied for removing microorganisms3–7. However, further perfections of this 

process are required to enhance the efficiency of the photocatalytic process for 

purification of water. 

1.3 Statement of Problem 

Effective removal of toxic organic substances from water can provide a substantial 

contribution to its water treatment, which ensures sustainability. Moreover, the recovery 
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of organic contaminated and polluted waters (or reutilized in a closed system) results into 

vital savings of water resources.  

In addition, considering the stability, toxicity, and carcinogenicity, organic pollutants 

have caused considerable damage to the ecosystem, human and aquatic lives. Hence, an 

environmentally friendly and relatively cheap advanced technology must be developed to 

degrade these pollutants. 

Titanium oxide under irradiation by ultraviolet rays of natural or artificial lighting has 

been found effective in photocatalytic technology. Besides been a cheap and readily 

available material with high oxidizing power; and in addition to fulfilling the above 

qualities of a good photocatalyst, TiO2 does not require constant feeding as it is not used 

up in a pollutant degradation process; it acts for a very long time while been effective, 

stable and non-toxic. The disadvantage of the large band gap of 3.2 eV and UV 

irradiation timing is a major factor affecting TiO2/UV light process. Roughly 4% of the 

solar flux present in the atmosphere contains UV radiation beneficial for photocatalysis; 

although high energy UV radiation needed, has a wavelength range that is not available 

to the earth. Therefore, the UV radiation in the solar flux is not of the appropriate and 

needed wavelength required to carry out photocatalysis; which makes it more expensive 

to use the natural source. This in turn limits the photocatalytic application of TiO2 to UV 

range of the spectrum. 

Therefore, improving the optical properties of TiO2 by modifying its band gap is 

necessary, so the development of new materials is needed to increase the photocatalytic 

activity for the practical applications using visible/solar energyThus, to have high 
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efficiency and ability for utilizing solar power, semiconductors must have the following 

requirement:  

 (i) non-toxicity, (ii) large surface area, (iii) broad absorption spectra with high absorption 

coefficients, (iv) displaying tunable properties which can be modified by size reduction, 

doping, photosensitizers, etc., (v) possessing facility for multielectron transfer process 

and (vi) high photocatalytic activity stability. Thus, metal oxides will be synthesized, 

investigated and doped with metals with appropriate properties depending on the 

photodegradation application. 

1.4 Objectives of the study 

The major objective of this work is to study the photocatalytic activity of novel 

nanomaterials for environmental applications. The specific objectives can be subdivided 

as follows: 

➢ Synthesis of different catalysts (modified WO3, metal doped WO3, and another 

metal oxide doped and un-doped) using hydrothermal method.  

➢ Characterization and morphological studies of synthesized catalysts using X-ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM). 

➢ Development of an experimental setup for UV visible light photocatalytic process 

for degradation of organic pollutants such as hazardous disinfection by-product 

and pharmaceutical compounds from water. 
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➢ Identification of products by some chromatographic technique such as high 

performance liquid chromatography (HPLC) and (Liquid chromatography mass 

spectroscopy (LC-MS). 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Photocatalysis 

Photocatalysis is a term used to a process in which light changes the rate of chemical 

reaction in the presence of a catalyst that absorbs the light. This light absorbing catalyst is 

referred to as the photocatalyst. Initial concern in the study of photocatalysis started when 

Fujishima and Honda studied photocatalytic splitting of water into oxygen and hydrogen 

using TiO2 in 19708. Photocatalytic reactions may occur either homogeneously or 

heterogeneously. The most common materials used in heterogeneous photocatalysis are 

semiconductors having unique properties. Moreover, their high stability facilitated by 

solid form and mobility of charge for interaction with adsorbate molecule in the 

surrounding medium9,10.  

2.2 Heterogeneous photocatalytic reactions 

The heterogeneous process occurs in binary phase system (solid-gas or solid-liquid) in 

which a semiconductor is usually used as a photocatalyst. In this case, the formation of 

active sites initiated by the absorption of light on the photocatalyst surface i.e. electron-

hole pairs, that interact with substrate absorbed on its surface11. 

On the other hand, homogeneous processes are single phase systems (liquid), in which 

the absorption of a photon is carried out by the catalyst species, such as an organic dye, 
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an ion salt solution12, or a transition metal complex13,14. In homogeneous photocatalysis, 

the reaction is accelerated by the excited state of the catalyst, which is generated as a 

result of radiation absorption. Furthermore, their solid form facilitates high stability and 

mobility of charge for interaction with the adsorbate molecules in the surrounding 

medium. 

In the photocatalytic process, a semiconductor catalyst absorbs an ultraviolet photon and 

produces powerful oxide (O2
•-) and hydroxide radicals (•OH) in an aqueous solution15–19. 

When the semiconductor absorbs UV laser light, an electron is transferred from the 

valence band to conduction band. By this process, an electron/hole pair is produced.  The 

surfaces of the catalyst become an oxidizing and reducing agent when the electron (e-) 

and hole (h+) are separated relocated to the surface of the catalyst. In aqueous solution, 

these two surfaces produce hydroxide (•OH) and oxide radicals (O2
•-). These free radicals 

have the ability to decompose many organic substances such as benzene, formaldehyde, 

and bacteria, in addition to some inorganic contaminations such as ammonia into harm-

free substances like H2O and CO2. 

This photocatalytic process is effective for both cleaning water and air. The catalysts 

activate moisture and oxygen in air and produce free radicals (O2
•-) and (•OH) which can 

transform harmful air and organic substances into H2O and CO2. It has more powerful 

oxidation ability than ozone and negative oxygen ion. 

Moreover, some photocatalyst has the great hydrophobic capacity and retains 

contamination, and can preserve new buildings clean for a long time. Most of these 

catalysts are inert and non-toxic. The improvement in the rate of reaction is one of the 
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most demanding tasks in photocatalysis. It should be noteworthy to mention that all 

previous work focuses on broad spectral radiation sources such as a lamp and TiO2 when 

treating bacteria disinfection from waste water using heterogeneous photocatalysis20–24. 

Use of lamps emitting over a broad spectral wavelength range is associated with several 

problems. For instance, the presence of power instability during operation due to 

overheating of lamps. In addition, there is low delivery of photons, low photonic 

efficiency of photons to the reaction zone. One of the major drawbacks associated with 

UV lamps as a source of irradiation is longer exposure times for complete removal of 

pollutants. 

One of the characteristic features of semiconductor (SC) is an electronic band structure in 

which the highest occupied energy band was known as the valence band (vb) and 

conduction band is a lowest unoccupied empty band (cb) which are separated by an 

energy gap known as band gap (Eg). This band gap is the region of forbidden energies in 

a perfect crystal. The semiconductor particle is absorbed an energy when an incident 

photon of energy equal or greater than the band gap as result of this an electron (ecb
-) 

from the (vb) is promoted to the conduction band with a simultaneous generation of a 

positive entity in the valance band a “hole” (hvb
+). The ecb

- and hvb
+ can be held on the 

surface in the bulk of the particle in a few nanoseconds by dissipating energy as heat or 

can be trapped in the surface states where they can react with the donor (D) or acceptor 

(A) species adsorbed or close to the surface of the particle. Thereby, it will initiate anodic 

and cathodic reactions10,25–30 as shown in Fig. 2.1. 
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Figure 2.1: Schematic representation of redox reaction at the surface of a photocatalyst 

 

2.2.1 General Mechanism of heterogeneous photocatalysis 

In principle, a photocatalytic reaction proceeds on the surface of the semiconductor via 

many steps. Fig. 2.2 illustrates a reaction process detailed of the generating electron-hole 

pairs and the corresponding redox reaction take place on the semiconductor surface when 

irradiated with an appropriate wavelength of light. Heterogeneous photocatalysis is a 

complex sequence of the reactions. Its mechanism composes of five steps31, which are: 

(a) Mass transfer of the organic contaminant in the liquid phase to the TiO2 surface. 
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(b) Adsorption of the organic contaminant onto the photon activated TiO2 surface. 

(c) Photocatalysis reaction for the adsorbed phase on the TiO2 surface. 

(d) Desorption of the intermediate from the TiO2 surface. 

(e) Mass transfer of the intermediate from the interface region to the bulk fluid.  

The main difference of classic heterogeneous catalysis with photocatalysis is the 

initiation of the chemical transformation during step (c), in which the photoexcitation is 

the case of photocatalysis instead of the thermal activation of classic catalysis.  

The photocatalytic reaction in step (c) is a complex surface process that starts with the 

absorption of a photon with energy (E) equal or higher than the energy bandgap (Eg) of 

the photocatalyst (WO3). The initiating step of the photocatalytic process is the 

absorption of the photon which leads to charge carrier generation:  the photoexcited 

electron ecb 
- and the hole hvb

+.  

  (2.1) 
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In the presence of surface charge region, when the semiconductor is in contact with 

liquid, the electron-hole pair can be separated and migrated to the surface due to the 

potential gradient between bulk solid and its external surface.  

During the transport of electron and hole to the catalyst surface, they can also recombine 

and generate heat (Eq. 2.2) and this recombination process results in the low quantum 

efficiencies for the photocatalytic process. Alfano et al32 reported that the recombination 

of electron and hole occur mainly in the bulk of the catalyst particles. This recombination 

process can be reduced greatly if these mobile species are separated and subsequently, 

trapped by defects, surface adsorbates or other sites.  

        

Figure 2.2: Mechanism scheme for photocatalysis. 
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2.3 Water treatment method 

Various kinds of water treatment methods have been used, part of which have been 

commercially applied in water treatment plants. The classification of these methods can 

be divided into four categories: chemical methods, physical methods, a combination of 

chemical and physical methods and biological methods. 

However, most of the commonly used technologies for water treatment suffer from 

different limitations. For example,  most chemical, physical and combined methods are 

expensive and may produce a toxic secondary pollutants to the ecosystem, meanwhile 

intensive usage of chemicals such as chlorine, ammonia, hydrochloric acid, ozone, 

permanganate, ion exchange resin, sodium hydroxide, etc.) are introduced while the 

treatment process so that residuals resulting from the treatments (toxic waste, brine, 

sludge, etc.) are persisted in treatment water source33. Furthermore, the physical methods 

such as coagulation or adsorption can only transfer the pollutant from one phase to 

another rather than completely “elimination” or “deserting”  the pollutants34.  Regarding 

the biological methods, although they are showed to be effective to several sorts of 

contaminants, the drawbacks are clearly revealed in form of waste sludge disposal, 

volatile emissions, high energy costs, temperature sensitivity and relatively long period of 

treatment time35,36. Thus, it critical considering the importance of developing more 

beneficial wastewater treatment methods.   
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CHAPTER 3  

Analytical Techniques 

3.1 Introduction 

The physical and chemical properties of semiconductor photocatalyst such crystalline 

phase, particle size, crystal, surface area and porosity and surface composition strongly 

influence its effectiveness as a photocatalyst. In this manner, the accurate of 

characterization of material's properties is the critical point for the assessment of 

photocatalyst synthesis techniques and elucidation of photoactivity results. 

In this chapter, the concept and basic principles concerning the analytical techniques used 

in this work for the characterization of WO3 photocatalyst and their composites are 

briefly discussed.  

3.2 X-Ray Diffraction (XRD) 

XRD is a powerful, nondestructive technique, reliable and quick technique for the 

determination of crystallographic properties of solid materials. XRD technique takes 

advantages on the coherent scattering of X-rays by crystalline and polycrystalline solids 

to obtain a diffraction pattern, which is unique and can be considered as a fingerprint of 

the materials itself.  The crystalline materials are consisting of lattice planes, and parallel 

planes within the crystal are equal spaced, separated by a fixed distance, d. When the 

sample is irradiated with monochromatic X-rays, the X-rays are diffracted by the network 
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of atoms within the crystal structure and beams reflected in the same direction interact 

with each other. The resultant amplitude depends on the phase shifts of the waves as they 

move through different distances and interact with different atoms as they penetrate 

through the crystal planes. The diffraction angle at which positive interference occurs 

obeys the Bragg diffraction law37.  

                                                       2dsinθ = nλ                                                              (3.1)           

Where d is the interplanar distance in a crystal, θ is the diffraction angle, n is an integer 

known as the order of reflection and λ is the wavelength of the incident x-ray beam. The 

X-ray diffractogram then consists of the location of the peak at specific diffracting angles 

2 θ as expected from Braggs equation. The intensity of the peaks depends on the nature of 

atoms composing the crystal structure and their relative position within the lattice cell. 

Each crystalline solid has it unique characteristic X-ray diffraction pattern that may be 

used as “fingerprint” for comparison. The International Center for Diffraction Data 

(ICDD) provides the standard powder diffraction patterns of a large number of 

compounds in the form of JCPDS cards. The structure of an unknown compound can be 

roughly identified by comparing with the data summarized in these cards. Other 

information such as crystal structure and space group can also be extracted from the 

diffractograms. 
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3.3 N2 adsorption-desorption studies           

 3.3.1 Introduction 

In heterogeneous photocatalysis process, the adsorption of reactants on the catalyst 

crystal is a crucial step. Therefore, the characteristics of the catalyst surface that influence 

the adsorption process are of fundamental importance. Surface area and porosity 

determine the contact between the reactant and active sites at the catalyst surface. The 

material with large surface area, the adsorption rate of reactants and the number of active 

sites at the catalysts surface increase. The study of the gas adsorption properties allows 

the determination of pore size distribution, surface area and quality of the pores. 

The measurement of the surface area of a solid photocatalyst was performed using N2 

sorption techniques. The N2 molecules are physically adsorbed under controlled 

condition within a vacuum chamber at its boiling point temperature 77.35 K. The 

adsorption takes place on the entire particle surface, including the external and internal 

surface pore surfaces. An N2 adsorption/desorption isotherm can be obtained by 

measuring the pressure of the gas introduced into the chamber. The surface area can be 

calculated from this isotherm by Brunauer-Emmett-Teller (BET) theory. 

3.3.2 Adsorption-desorption isotherms 

In a gas-solid system, the quantity of gas adsorbed depends on the nature of the gas and 

the solid. It is proportional to the mass of the adsorbent and depends on pressure and the 

temperature of the system. For a fixed gas-solid system at constant temperature, the 
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relationship between the amount of gas adsorbed and its pressure is described through the 

adsorption isotherms.  

 

Fig. 3.1 reported the classification of isotherm for vapor-solid equilibria. Type I isotherm 

is typical of microporous adsorbents as most microspore filling occurs at relative 

pressures below 0.1. Type II and type III isotherms identifies the physical adsorption of  

of gases by non-porous solids with strong and weak adsorbate-adsorbent interactions, 

relatively38. Type IV and V isotherms present a hysteresis loop, which is associated with 

the presence of mesopores. The hysteresis behavior has been attributed to the capillary 

condensation 39. Since the capillary condensation occurs at higher pressures than the 

capillary evaporation, the hysteresis loop is observed. Type V correspond to weak 

adsorbate-absorbent interactions and is quite rare. 

Figure 3.1: The IUPAC Classification of Adsorption Isotherms for Gas–Solid Equilibria. 
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The hysteresis loops may exhibit different shapes as shown in Fig. 3.2. In type H1, the 

hysteresis loop is narrow, with the adsorption and desorption branches almost vertical 

and nearly parallel, indicating a narrow pore size distribution. 

 

The type H2 loop is broad with a desorption branch much steeper than the adsorption 

branch. Type H2 can be found in systems with a broad distribution of pore sizes and pore 

shapes within the materials. It is believed that this kind of loop results from pores with 

narrow necks and wide bodies (ink-bottle shape) or when the pores with narrow necks 

and wide bodies (ink-bottle shape) or when the material has an interconnected pore 

Figure 3.2: The relationship between the pore shape and the adsorption-desorption 

isotherm. 
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network. The type H3 loop does not exhibit any plateau at high relative pressures, 

indicating significant adsorption. This shape is associated with aggregates of plate-like 

particles that give rise to slit-shape pores. Finally, the type H4 loop is nearly horizontal 

and parallel over a wide range of relative pressures and is associated with narrow slit-like 

pores40. In conclusion, Type VI Isotherm occurs rarely and presents steps due to the 

formation of monomolecular layers. According to the pores diameter d, a solid can be 

classified in microporous (d < 2 nm), mesoporous (2 < d < 50 nm) and macroporous (d > 

50 nm). 

In our experiment, the surface area of the photocatalyst was determined by a 

Micromeritics TriStar 3000 instrument. The powdered samples (0.1 - 0.15 g) were 

degassed in a sample tube with a slow flow of N2 for approximately 5 h at 300 °C for 

those samples calcined higher than 300 °C, and at 100 °C for those samples treated below 

300 °C in the sample preparation, to remove any water and contaminants present on the 

surface. After degassing, the sample was accurately weighed and sample tubes containing 

the samples were connected to the analysis port of BET instrument. During 

measurements, the sample tubes were immersed in a Dewar containing liquid nitrogen to 

maintain it at a constant temperature. Gaseous nitrogen was introduced in small doses 

under instrument control, and the adsorption/desorption process was followed by 

measuring the amount of gas adsorbed at various N2 partial pressure. 

3.4 Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) is an instrument that produces high-resolution 

images by using electrons instead of light to form an image. Electron microscopy 
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techniques are intensively used in nanoscience and nanotechnology research to give 

information about the morphology, topography, composition and crystallographic 

characteristics of nanoparticles and nanostructured materials. SEM is an introduction to 

address the resolution limitations of optical microscopy. It is a surface analysis technique 

that provides images of samples on a microscopic scale. It was used for the investigation  

of the morphology of catalyst surface and the evaluation of particle size shape and 

dimension.  

Figure 3.3: Schematic image of a scanning electron microscope with secondary electrons 

forming the images on the TV screen 
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In the scanning electron microscope, a beam of electrons is generated in a vacuum. This 

electron beam is focused into a fine probe and subsequently, raster scanned over a small 

rectangular area of a sample. As the beam interacts with the sample, it creates various 

signals (internal currents, secondary electron, photon emissions, etc.). The detection of 

these secondary electron by scintillation material that produces a flash of light for each 

electron. Then, the light flashes are detected and amplified by a photomultiplier tube. The 

image can be formed by correlating the sample scan position with the resulting signal.  

schematic image of a scanning electron microscopy is given in Fig. 3.3.  

The image magnification in the SEM is obtained by controlling the area of the screen to 

the area scanned of the specimen. Increasing the magnification is accomplished just by 

scanning the electron beam over the small area of the specimen. The only special 

requirement is the conductivity and vacuum compatibility for the sample. Semiconductor 

or insulator samples must be coated either with the gold or carbon thin films.   

3.5 Transmission electron microscopy (TEM) 

TEM is a microscopic technique used to produce high-magnification images of thin film 

specimens, which is based on the interaction of high energy electron with matter. In a 

TEM, a light emission beam of high energy electron is transmitted through a thin film of 

the sample to give an information about its morphology, crystallography, elemental 

composition and particle size distribution. It has the capability of giving atomic 

resolution lattice images and additionally giving chemical information at a spatial 

resolution of 1 nm or better. However, the resolution power of a microscope is usually 

controlled by the quality of the lens systems. TEM measurement requires special 
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preparation to thicknesses, which allow electrons to transmit through the sample. Due to 

the unique chemical and physical properties of nanomaterials depend on their 

composition and their structures, TEM offers a means for understanding and 

characterizing such structures. Furthermore, TEM is a technique that has ability to focus 

on a single NP in a sample, and directly quantify its electronic and chemical structure. 

The most important application of TEM is real space imaging of NPs in atomic resolution 

scale 41. Furthermore, the detection of the atomic-scale defect and the crystallographic 

information is possible. 

3.6 X-ray photoelectron Spectroscopy (XPS)    

XPS is a quantitative spectroscopic technique that measures the chemical state and 

elemental composition of the elements within a surface of a solid. The base of the 

technique is a photoelectric effect, which is described by Einstein in 1905, where inner 

shell electrons or valance are ejected from a surface due to photons absorption of 

appropriate energy 42.  

Figure 3.4: Diagram describing the photoelectric effect. 
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The sample is irradiated in ultrahigh vacuum conditions with soft X-rays. Al Kα (1486.6 

eV) or Mg Kα (1253.6 eV) are often used as a monochromatic source of photon. The core 

electrons are emitted from the specimen (photoelectron), by interaction with the photons.  

The photoelectrons ejected are characterized by kinetic energy that depends on its 

provenance shell. Therefore, kinetic energies are varied for ejected electron which is 

unique for each element because of the different energies associated with each shell. 

The XPS spectra is a plot of counts of the electrons (intensity) versus the binding energy. 

The binding energies of core electron of an element have a unique value, which allows 

the chemicals composition identification. Furthermore, the binding energy of the core 

electrons is affected by its chemical environment. In fact, if the same atom is bonded to 

different chemical species, the binding energy of its core electron is different. The 

binding energy variation results in the corresponding XPS peak, ranging from 0.1 eV to 

10 eV.  This effect is used to identify the chemical status of elements in the surface and is 

called as chemical shift. 

3.7 UV-vis diffuse reflectance spectroscopy (DRS)  

DRS is a valuable spectroscopic technique based on light reflection in UV and visible 

light region by powder sample that probes the absorption of light and band gap energy of 

the photocatalyst.   

In a DRS spectrum, the ratio of the light scattered from an infinitely thick layer and the 

scattered light from an ideal non-absorbing reference sample is measure as a function of 

the wavelength λ.   
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The Kubelka-Munk theory43 describes the relationship of the diffuse reflection of the 

sample (R∞) and absorption coefficient (α) and scattering coefficient (S) for infinitely 

thick samples. 

                                                                          (3.2)  

The band gap of semiconductor photocatalyst, which is defined as the minimum photon 

energy required to excite an electron form the highest occupied molecular orbital to the 

lowest unoccupied molecular orbital, can be obtained from the diffuse reflectance UV-vis 

absorption spectra. There are two basic types of electronic transitions, namely direct 

transitions and indirect transitions. Direct transitions require only that photons excite 

electrons, while indirect transitions also require concerted vibrations and energy from the 

crystal lattice (photons). The energy dependence of the absorption coefficient (R) for 

semiconductors in the region near the absorption edge is given by  

                                                                                                       (3.3) 

Where hν is the energy of the incident photon, and E0 is the optical absorption edge 

energy. The exponent depends η depends on the type of optical transition caused by 

photon absorption. In crystalline semiconductors, where crystal momentum is conserved 

and electron transition obey well-defined selection rules, η is ½, 3/2, 2 and 3 when the 

transitions are direct-allowed, direct-forbidden, indirect-allowed, and indirect-forbidden, 

respectively44.  

In the diffuse reflectance experiments, UV-vis reflectance data cannot be used directly to 

measure absorption coefficients (R) because of scattering contributions to the reflectance 
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spectra. Scattering coefficients, however, depend weakly on energy and F(R∞) can be 

assumed to be proportional to the absorption coefficient within the narrow range of 

energy containing the absorption edge features. Then, a plot of (F(R∞).hν)1/η vs hν can be 

used to determine the absorption edge energy.  

In this work, the diffuse reflectance spectra were taken using a Shimadzu UV-2450 UV-

Visible spectrophotometer with diffuse reflectance accessory ISR-240A. BaSO4 was used 

as reference. The band gaps were obtained from plots of (F(R∞).hν)2 versus the energy of 

light for indirect bang gap semiconductors. 
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CHAPTER 4  

Photocatalytic Degradation of Herbicide (Atrazine) using 

Surface Plasmon Resonance Induced Ag-WO3/SBA-15 

Composite in the Visible Spectral Region 

4.1 Introduction: 

Although water is one of the most essential natural resources to sustain life on earth, the 

grim reality is that the level of ground water and the number of water bodies are fast 

declining globally and the condition becomes even more menacing as various human 

activities recklessly pollute the scarcely available water resources. Like industries, the 

farming and agricultural sectors also significantly contribute to water pollution by the 

extensive use of persistent organic pollutant (POPs) in the form of fertilizers, insecticides 

and herbicides45. Atrazine (C8H14ClN5; IUPAC name: 1-Chloro-3-ethylamino-5-

isopropylamino-2,4,6-triazine is a well-known and the most extensively used herbicides 

in agriculture, classified as POPS owing to the low biodegradability and long half-life in 

water (between 30 and 100 days). In addition, the solubility (30 mg/l at 20 °C) and 

mobility of atrazine in water are relatively high and this leads to seep into the ground 

water and blend with the surface water46.  Hence in many countries atrazine is the most 

commonly detected herbicides in surface and ground water and is considered as a 

possible human carcinogen and the cause of the decreased fertility and semen quality in 

men living in the agricultural area47,48. 
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The conventional water treatment processes like coagulation, filtration method using 

ferric chloride, aluminum sulfate and lime soda, adsorption based methods using granular 

activated carbon and powder activated carbon, ozonation, membrane filtration for the 

elimination of atrazine have proven to be less effective49. The long duration of UV 

irradiation in the presence of hydrogen peroxide yielded a slightly better decomposition 

of atrazine but did not result in complete mineralization50.  The photocatalysis has been a 

promising method employed for the elimination of organic, inorganic and microbial 

pollutants present in water. This method is based on the advanced oxidation and 

reduction processes mediated by photo-generated electrons and holes to generate highly 

hydroxyl radicals (•OH) and superoxide anion (O2
•-), which in turn oxidize organic 

pollutant into CO2 and inorganic ions as a final degrading product51. 

Fujishima published his pioneering and remarkable work on photocatalysis, in 1972, 

where TiO2 was used as a catalyst for water splitting8.  Since then, there has been a 

widespread research interest in the synthesis and applications of doped, co-doped, and 

composites of  TiO2 for various photocatalytic applications. This knowledge base and the 

advent of nanomaterials promoted photocatalysis as one of the most effective, cheap and 

environmentally friendly methods to deal with burning environment problems and ever 

increasing energy requirements52. Many semiconductor materials such as TiO2 

nanowires53,54, Pt/AgVO3 nanowires55, and TiO2 superficially modified with metallic 

NPs56 have been investigated for the degradation of Atrazine. Although TiO2 has become 

popular due to the low cost, high thermal and chemical stability, the larger band gap of 

this material really restricts its use only in the UV region. In order to harness the 

abundant visible solar radiation, research into the synthesis of photocatalyst with suitable 
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band gap energy, high mobility of charge carriers and appropriate surfaces area are 

important. By controlled nitrogen insertion in titanium dioxide, the band gap is red-

shifted  to visible range so that the material shows reasonably  good photocatalytic 

degradation of atrazine57.  

Tungsten oxide (WO3) is an n-type semiconductor with a short band gap energy (2.8 eV), 

high stability, a good electron transporting property and corrosion free and all these 

positive attributes make this material one of the most sought after photocatalyst58. 

Although the short band gap energy of WO3 makes this material visible light active, the 

consequent increase in the electron-hole recombination prevents it from being a naturally 

good photocatalyst59–61. This increased electron-hole recombination, small surface area 

and poor adsorption of organic pollutant onto its surface naturally reduce the 

photocatalytic degradation efficiency of WO3. If these deficiencies can be rectified, WO3 

can function as an excellent photocatalyst, capable of harnessing solar radiation in the 

visible region for a various of energy and environmental applications. Among the various 

porous materials, Santa Barbara Amorphous (SBA) type material or (SBA-15) silica has 

been widely used as a catalytic support to increase the effective surface area and also to 

increase the adsorption and electron transport properties62. SBA-15 is a mesoporous silica 

material characterized by uniform hexagonal channels of the size of 5-30 nm and the wall 

thickness of 3.1-6.4 nm and for this unique shape and size, SBA-15 is commonly used as 

a support in photocatalysis63.  

The semiconducting materials loaded with Nano-sized metals like  Au, Fe, Co, Ni, Cu, 

Zn, Mn and Ag58,64–72 on its surface can restrain the recombination of the photo-induced 

charge carriers. Generally, with light irradiation, the electrons from the valence band of 
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the semiconductor transfer to the conduction band leaving a hole behind in the valence 

band. However, when the semiconductor is coupled with noble metals, the electrons from 

the semiconductor transfer to noble metal particles because the energy of the Fermi level 

of the semiconductor is higher than that of noble metal. Hence, the photogenerated 

electrons accumulate on the noble metal, which serves as trap centers to facilitate charge 

separation, which is crucial for photocatalytic activity. Another advantage of having the 

nanostructured noble metals is the induction of surface plasmon resonance due to the 

collective oscillation of photo-generated electrons in resonance with the incident 

radiation73. This surface Plasmon resonance enhances the photocatalytic activity by 

transferring the plasmonic energy to excite the electron–hole pairs, or directly generating 

the hot electrons74–76.  

In this work, we improved the photocatalytic function of WO3 by introducing two 

modifications: (i) enhancing its surface area by impregnation onto SBA-15 template and 

(ii) by deposition of the sample with the noble metal Ag to reduce the electron-hole pair 

recombination and to induce surface plasmon resonance for enhancing the generation of 

charge carriers. The modified WO3, labeled as Ag-WO3/SAB-15 was tested as a 

photocatalyst for the degradation of atrazine in water and its photocatalytic activity is 

compared with the commercial WO3 and synthesized WO3/SAB-15. The effect of 

varying Ag concentartion Ag conentration on the WO3/SBA-15 was investigated. The 

synthesized materials were characterized morphologically and optically correlated to 

their photocatalytic performance.  
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 4.2 Experimental Methods 

4.2.1Chemicals 

The required chemicals like standard atrazine (97.5% purity analytical grade), Tetraethyl 

orthosilicate (TEOS), Methanol (HPLC grade), Poly (ethylene glycol)-poly (propylene 

glycol)-poly (ethylene glycol) (P-123), polydiallydimethyl ammonium chloride and 

Silver nitrate were obtained from Sigma-Aldrich.   

4.2.2 Synthesis of the catalyst 

For the synthesis of SBA-15, a 2.0 g of P-123 was dissolved in 75 mL of HCl (1.6 M) 

aqueous solution. The resultant solution was stirred and heated at the temperature of 40 

°C for 3 hours. Then, 4.5 g of TEOS was added into the P-123/ HCl solution and stirred 

for another 24 hours. The slurry thus obtained was transferred into an autoclave and aged 

for 24 hours at the temperature of 100 °C. The final product was collected by 

centrifugation, washed with water for three to four times, dried at the temperature of 60 

°C overnight and finally calcined for 12 hours at the temperature of 550 °C. 

In order to obtain the SBA-15 loaded with 10 % WO3, typically 0.5 g SBA-15 was added 

10 mL of polydiallydimethyl ammonium chloride (0.5 wt percentage solution) and stirred 

at room temperature for 3 hours. A measure of 61 mg of ammonium tungstate was 

dissolved in water by heating and then added into the SBA-15 solution. This mixture was 

stirred for three hours, dried at the temperature of 70 °C and finally calcined at the 

temperature of 500 °C for 3 hours.  The similar procedure was used to synthesize 20%, 

30%, 40% WO3/SBA-15.  
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For Ag deposition on WO3/SBA-15, only 40% WO3/SBA-15 was selected. In order to 

obtain 0.5 % Ag/ 40 % WO3/SBA-15, an appropriate amount of 40% WO3/SBA-15 was 

dissolved in 5 mL of water, sonicated for 15 minutes and then 900 μL of AgNO3 (0.01 

M) aqueous solution was added. The slurry was stirred and heated at 60 °C until it was 

dry. The dried powder was calcined at 300 °C for 3 hours.  Similar procedure was 

followed to obtain other concentrations of Ag in 40 % WO3/SBA-15. 

4.3 Characterization of Material 

The phase and crystallinity of the synthesized materials were investigated by XRD 

(Siemens D5005) equipped with Cu anode and variable slits. The XPS profiles of the 

samples were acquired by survey scan using X-ray Photoelectron Spectrometer (PHI 

5000 Versa Probe II, ULVAC-PHI Inc.). The morphology and the microstructure of the 

synthesized materials were studied by HR-TEM (JEM2100F, JEOL, operated at 200 

KV).  The diffuse reflectance spectra (DRS) were taken using a Shimadzu UV-2450 UV-

Visible spectrophotometer. The photoluminescence (PL) emission spectra were acquired 

by spectrofluorometer (Horiba Jobin Yvon), using the Xenon lamp as an excitation 

source and all the samples were excited with 365 nm wavelength light radiation, and the 

emission spectra were recorded in 400 to 700 nm range. A micrometrics accelerated 

surface area and porosimeter (ASAP 2020) system was used to measure nitrogen 

adsorption-desorption of the catalysts. The system is equipped with dedicated software 

which uses conventional analysis such as Brunauer-Emmett-Teller (BET) and Barrett-

Joyner-Halanda (BJH) methods for the determination of the textural properties, like 

specific surface area and pore size distribution respectively.  
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4.4 Photocatalytic activity  

The photocatalytic testing was carried out in a beaker containing 25 ml of 20 ppm 

atrazine solution and 25 mg catalyst. The suspension was magnetically stirred for 15 min 

in the dark to establish the adsorption-desorption equilibrium of atrazine at the surface of 

the catalyst. The suspension was irradiated with a broadband light source (450 W Xe arc 

lamp) fitted with a neutral density optical filter to allow light of wavelength above 400 

nm. The reaction temperature was maintained at 25 ± 1 ℃ and irradiated suspension was 

collected at regular time intervals through 0.22 µm nylon filters to remove any catalyst 

particles in the test solution. The concentration of atrazine in the samples was quantified 

using a high-performance liquid chromatography (HPLC, Dionex UltiMate 3000) at 

wavelength of 220 nm. A C18 column (120 x 3.6 mm, particle size 3 µm) was employed. 

The elution phase was a mixture of methanol/water (60:40, v/v) at a flow rate of 0.20 

ml/min and the injection volume was 10 µL. Under these conditions, the retention time of 

atrazine was 1.5 min.  

4.5 Results and Discussion  

4.5.1 Morphological Characterization 

Fig. 4.1 shows wide-angle XRD pattern of WO3/SBA-15 with different concentrations of 

WO3 in SBA-15 along with that of pristine SBA-15.  In the case of pristine SBA-15 in 

figure 1a, the broadband at 2  = 23.5° in the XRD pattern corresponds to the amorphous 

silica walls61 and as the concentration of WO3 increases, very sharp peaks emerge from 
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the amorphous SiO2 substrate, indicating good crystallinity and high purity of the as-

generated WO3. In addition, it can be noticed that in Fig. 4.2b, corresponding to the XRD 

patterns of 10% WO3 / SBA-15, the characteristics peaks of WO3 are barely visible due to 

the low concentration, indicating the amorphous nature of the composite.  

The inset in Fig. 4.1 shows the low-angle powder X-ray diffraction (XRD) patterns of 

the sample of 10%, 20%, 30% and 40% of WO3 loaded on SBA-15 along with that of 

SBA-15 itself.  In the inset figure the three characteristic peaks at 2  = 0.8°, 1.53° and 

1.75° are evident, of which the first peak corresponds to the mesoporosity of SBA-15, 

while the other two small characteristic peaks correspond to highly ordered hexagonal 

shape which can be interpreted as 100, 110 and 200 reflected of P6 mm space group of 

SBA-1577. After WO3 of different concentrations loaded on SBA-15, ordered 

mesoporous structure is well retained. However, there was a gradual shift of the peak 

position to a slightly larger angle, which indicates that some WO3 might enter the pore 

channels of the SBA-15 substrates. Fig. 4.2 depicts the wide-angle XRD pattern of 40 % 

of WO3/SBA-15 (Fig. 4.2a) and that of two different concentrations of Ag (0.5% and 1 

%) added to it.  The incorporation of Ag in 40% of WO3/SBA-15 did not result in any 

obvious change in the XRD patterns, which might be due to the homogenous 

distribution of Ag nanoparticles in the composite, the low Ag concentrations of Ag and / 

or their small sizes. However, in the low angle XRD patterns (inset), the peak intensities 

decrease with the increasing concentration of Ag, indicating that the surface of 

WO3/SBA-15 is covered by the Ag nanoparticles.  
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Figure 4.1: XRD patterns of (a) SBA-15 (b) 10% WO3/SBA-15 (c) 20% 

WO3/SBA-15 (d) 30%WO3/SBA-15 and (e) 40% WO3/SBA-15. Inset shows the 

small-angle XRD for the same composites in the same order (a) to (e). 
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Figure 4.2: XRD patterns of Ag-loaded WO3-SBA-15 composites (a) 40% 

WO3/SBA-15 (b) 0.5 % Ag in 40% WO3/SBA-15 and (c) 1 % Ag in 40% 

WO3/SBA-15. Inset shows the Small-angle XRD for the same composites in the 

same order (a) to (c). 
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However, in the small-angle XRD patterns for different concentrations of Ag in 40 % of 

WO3/SBA-15 shown in the inset of Fig. 4.2, we can notice that the XRD peak intensities 

decrease with the increased concentration of Ag. This indicates that the surface of 

WO3/SBA-15 is covered by the Ag NPs, which is substantiated by SEM-EDX mapping 

which shows the well distribution of Ag NP on the surface of the composite, which will 

be discussed in the following section (Fig. 4.3). 

 

 

Figure 4.3: (a) SEM image of 1 % Ag-WO3/SBA-15 particle, (b) SEM-EDX elemental 

mapping image of Si(K) on this area, (c) SEM-EDX elemental mapping image of W(M) 

on this area, (d) SEM-EDX elemental mapping image of Ag(L) on this area. 
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From HR-TEM of 40 % WO3/SBA-15 (Fig. 4.4a-b), the mesoporous channels of SBA-15 

can be clearly discerned. While WO3 deposited in the pore channels cannot be observed, 

larger WO3 particles of ~ 100 – 200 nm are present at the external surface of the SBA-15 

support. The micrographs of 1% Ag-WO3/SBA-15 show spherical Ag nanoparticles of 

less than 10 nm (Figure 4c-e). The d-spacing of 0.231 nm in the TEM image corresponds 

to (111) plane of face-centered cubic silver structure.  

Figure 4.4: TEM images of low and high magnification mesoporous (a) 

40% WO3/SBA-15 (c-e) 1% Ag in WO3/SBA-15 (f) d-spacing. 
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XPS survey and the high-resolution scan for Ag-WO3/SBA-15 is presented in Fig. 4.5 

and it is found from the entire XPS spectrum in Fig. 4.5a that the composite consists of 

Ag, W, O and Si and the binding energy at 284.78 eV is for C 1s is from the calibration. 

The two peaks at 36.8 eV and 38.5 eV shown in Fig. 4.5b originate from W6+ 4 f7/2 and 4 

f5/2, respectively and this suggests that the tungsten in the tungsten oxide sample exists as 

W6+. Two prominent peaks at 368.34 and 374.34 eV with a 6 eV spin−orbit splitting 

value (Fig. 4.5c ) are the characteristic of Ag0 species in the Ag-WO3/SBA-1578.The 

formation of Ag0 can be attributed to phot-reduction although the presence of Ag2O 

cannot be excluded. The peak located at 533.8 eV in Fig.4.5 resulted from the O 1s state. 

 

Figure 4.5: XPS spectra of (a) survey of the sample, (b) W 4f, and (c) Ag3d (d) Si 2p of 

the 0.5% Ag-WO3/SBA-15. 
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BET and BJH analysis for specific surface areas, pore sizes and pore volumes of 

WO3/SBA-15 and Ag-WO3/SBA-15 were carried out and the results are presented in Fig. 

4.6 and in Table 4.1. These figures depict the nitrogen adsorption-desorption isotherms 

and the corresponding pore diameter versus pore volume plot.  

Table 4-1: Properties of SBA-15, WO3/SBA-15, and Ag-WO3/SBA-15 samples. 

Sample  ⁕SBET 

(m2 g-1)  

⁕Vp (cm3 g-1)  Band gap 

(eV) 

Rate constant 

(K) min-1 

SBA-15 603 0.93 - - 

10% WO3/SBA-15 542 0.88 3.0 0.001 

20% WO3/SBA-15 560 0.87 2.5 0.010 

30% WO3/SBA-15 495 0.75 2.5 0.021 

40% WO3/SBA-15 344 0.56 2.4 0.024 

0.5% Ag/40% WO3/SBA-15 231 0.43 1.7 0.036 

1.0% Ag/40% WO3/SBA-15 208 0.43 1.7 0.065 

⁕ Vp pore volume, SBET surface area 

From the figures, it is quite clear that all samples manifest the characteristic broad 

hysteresis loop of type IV according to IUPAC convention and these results suggest that 

the samples are mesoporous in nature have uniform cylindrical geometry.  As the content 

of WO3 in SBA 15 increases, a systematic decrease of pore volume and pore diameter are 

observed (Table 4-1). However, the decrease in surface area cannot be related to the 

amount of WO3 particles alone and the decrease in pore volume could be due to 

increasing of pore wall thickness, indicating that successful incorporation of WO3 particle 

inside the mesoporous channels. With the addition of Ag, the surface area further 
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decreases to 208 – 231 m2g-1 and the total pore volume dropped from 0.56 to 0.43 cm3 g-1 

. The mean pore diameter of the samples with Ag deposition is slightly smaller than the 

WO3/SBA-15 support, showing that some of the Ag nanoparticles could have blocked the 

smaller pore channels. 

 

Figure 4.6: (a) N2 adsorption-desorption isotherms of SBA-15, 40% 

WO3/SBA-15, 0.5% Ag in 40% WO3/SBA-15 and 1% Ag in 40% 

WO3/SBA-15 (b) the corresponding pore size distribution curves. 



41 

 

4.5.2 Optical Characterization 

Fig. 4.7 shows the optical absorption spectra of WO3/SBA-15 with different WO3 

content, represented in terms of Kubelka–Munk (K.M) function43,79 transformed from the 

diffuse reflectance and Fig. 4.8 shows the same for Ag-WO3/SBA-15 with different Ag 

concentrations on 40% WO3/SBA-15. It is quite clear from the figure 8a that the 

absorption spectra (represented as K.M function) for pure SBA-15 has no absorbance at 

all. However, SBA-15 loaded with 10% WO3 shows absorption in the 200-400 nm 

region. The absorption band broadens and shifts to higher wavelength with increased 

WO3 content. With the addition of 1% Ag on 40% WO3/SBA-15, the absorption edge is 

further red shifted to beyond 660 nm (Fig. 4.8). This increased absorption in the higher 

wavelength region upon deposition of Ag NPs can be due to the surface plasmon 

resonance effect arising from charge transfer between the WO3 species and  Ag NPs80.   

In the insets of Fig. 4.7 and Fig.4.8, the band gap energies of all the synthesized materials 

were graphically estimated through the Tauc plot81, where the Kubelka Munk function is 

substituted for absorbance as these functions are directly related.  For an indirect band 

gap material, F(R) is proportional to (E-Eg) 2/E, where E is the photon energy and Eg is 

the band gap energy82 and by plotting (F(R) *E)1/2 versus E, the band gap energy Eg can 

be directly estimated from the X- intercept of the plot.  
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Figure 4.7: UV-VIS diffuse reflectance spectra represented as Kubelka-Munk Function for 

(a) SBA-15 (b) 10% WO3/SBA-15 (c) 20% WO3/SBA-15 (d) 30% WO3/SBA-15 and (e) 

40% WO3/SBA-15. Inset shows the Tauc plots for the same composites in the same order 

(b) to (e). 
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Figure 4.8: UV-VIS diffuse reflectance spectra represented as Kubelka-Munk Function 

for (a) 40% WO3/SBA-15 (b) 0.5 % Ag in 40% WO3/SBA-15 (c) 1 % Ag in 40% 

WO3/SBA-15. Inset shows the Tauc plots for the same composites in the same order (a) to 

(b). 
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The inset of Fig. 4.7 shows the Tauc Plot for WO3/SBA-15 with different WO3 contents 

where the shrinking of the band gap energy from 3 eV to 2.4 eV with the increase of 

WO3 content from 10% to 40 % in WO3/SBA-15. However, from the inset of Fig. 4.8 it 

is quite clear that with the addition of Ag into WO3/SBA-15, the band gap energy is 

drastically reduced to 1.7 eV for both 0.5 % Ag and 1% Ag in the composite of 40 % 

WO3 in WO3/SBA-15. The band gap energies of all the catalysts are listed in Table 4-1. 

Fig. 4.9 depicts the photoluminescence spectra of two different concentrations of Ag in 

40 % WO3 in WO3/SBA-15 and in the absence of Ag, the intensity of the PL spectra is 

quite high and with the increased concentration of Ag doping the intensity reduces. The 

reduced PL intensity is attributed to the reduction in the electron-hole recombination 

achieved due to the electrons trapping ability of Ag from the formation of Schottky 

barrier. Fermi level of the semiconductor is higher than that of noble metal and hence the 

photogenerated electrons accumulate on the noble metal, which serves as trap centers and 

facilitates the charge separation. The function of Schottky junction is not only to 

effectively separate the photo-generated charge carriers but also to quickly move the 

separated photoelectrons, which effectively restrains photogenerated electron-hole 

recombination. Thus, the Ag doping in WO3/SBA-15 brought about the essential features 

required for a good photocatalyst like its ability to work in the visible region and reduced 

electron-hole recombination in addition to the increased surface area.   
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  Figure 4.9: Photoluminescence spectra of (a) 1 % Ag in 40% WO3/SBA-15, (b) 0.5 % Ag 

in 40% WO3/SBA-15 (c) 40% WO3/SBA-15. 
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4.6 Evaluation of Photocatalyst for the Degradation of Atrazine 

The photocatalytic activity of Ag-WO3/SBA-15, in the process of photocatalytic 

degradation of atrazine in the presence of visible radiation was studied and its 

performance is compared with WO3/SBA-15 and SBA-15. For this 25 mL of 20 ppm 

atrazine solution was added with 25 mg of the catalyst and the resultant suspension was 

magnetically stirred for 15 min in the dark to confirm the complete adsorption-desorption 

equilibrium of atrazine in the surface of the catalyst.  This suspension was irradiated with 

a broadband light source (450-W Xe arc lamp) and the neutral density optical filter to 

allow the light of wavelength above 400 nm. The reaction temperature was maintained at 

25 ± 1˚C and irradiated suspension was collected in a regular time interval through a 0.22 

µm nylon filters to remove the particles of catalyst in the test solution. The quantification 

of atrazine was carried out using HPLC through direct injection. The zero-time reading 

was obtained from the suspension kept in dark for each catalyst.  Fig. 4.10 A shows the 

decay curve of atrazine in the presence of WO3/SBA-15 with different WO3 contents and 

Ag-WO3/SBA-15 with different Ag concentrations in 40% of WO3 in SBA-15 under 

visible radiation. The y-axis of the decay curve presented in Fig.10A is the ratio of the 

concentrations of irradiated samples taken (C) at regular time interval to the initial 

concentration (C0), while the y-axis of decay curve presented in Fig. 4.10B is the linear 

version of Fig. 4.10A (ln C/C0), assuming that the decay is exponential in nature. The 

purpose of the decay curve presented in Fig. 4.10B is to deduce comparable decay 

constant (k in the unit of minute-1) values to quantify the efficiency of each catalyst. 
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Figure 4.10: (A) Degradation efficiency of atrazine (B) Photocatalytic degradation 

plots. 
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To start with, the decay curves in Fig. 4.10A (a) represents the photocatalytic decay of 

atrazine in the presence of 10%WO3/SBA-15, where the degradation of atrazine is 

negligible even after 120 minutes of irradiation with the decay constant as small as 0.001 

minute-1. With the increased content of WO3 in SBA-15, used for the degradation process 

(Fig. 4.10 (b-d)), the photocatalytic decay curves of atrazine become steeper with 

increased decay constants going up to 0.024 minute-1 when 40% WO3 is added to SBA-

15. This increased photocatalytic activity of WO3/SBA-15 with increased WO3 content 

can be attributed to two characteristics discussed in the previous sections: one the 

increased surface area coupled with an adequate quantity of WO3 in SBA-15 and second 

the increased UV light absorption of 40% WO3/SBA-15 observed in the optical studies. 

As it is clear from Table 4-1 that the surface area decreases with the increase of WO3 

content in SBA-15, which is not favorable for the photocatalytic activity. However, the 

photocatalytic activity of 40% WO3/SBA-15 is higher than the one with lower contents of 

WO3 in SBA-15. This is because, in the case of 40% WO3/SBA-15, it possesses not only 

the optimum content of WO3 but also has an optimum balance between the WO3 content 

and the surface area even though the surface area observed for it is smaller than the other 

catalysts. When WO3 content in SBA-15 is more than 40%, the photocatalytic activity 

becomes lower due to the drastic reduction in the surface area even though the WO3 

content is more in the SBA -15 template.  

Hence 40% WO3/SBA-15 catalyst is used for Ag loading to further enhance the 

photocatalytic reduction of atrazine. Fig. 4.10A (e-f) show the photocatalytic decay 

curves of two concentrations of silver loaded (0.5% and 1%) in 40% WO3/SBA-15 and 
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we can notice a drastic enhancement of photocatalytic degradation of atrazine with 1% 

Ag-WO3/SBA-15 with the decay constants reaching as high as 0.065 minute-1. From 

Table 4-1 we can observe that with Ag doping on 40% WO3/SBA-15, the surface area 

and the volume further reduces, which is supposed to hamper the photocatalytic activity. 

However, the red-shifting of the band gap energy towards the attractive visible region, 

enhanced visible absorption and the surface plasmon resonance brought about by the 

introduction of Ag into WO3/SBA-15 are the key factors that can be attributed to the 

enhancement of photocatalytic reduction of Atrazine with 1% Ag -WO3/SBA-15 as a 

photocatalyst under visible light. Fig. 4.10B shows the degradation efficiency of atrazine 

with various catalysts. It was estimated according to the following equation: 

                                            

where C0 is the initial concentration of herbicide (ppm) and C is the concentration of 

herbicide after 18 minutes of irradiation. From Fig. 4.10B we can observe that the 

efficiency with 1% Ag in WO3/SBA-15, the degradation efficiency has gone as high as 

70 %. In addition, the stability of Ag-WO3/SBA-15 composites was investigated under 

visible light irradiation by recycling experiments. 
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 4.7 Mechanism for the degradation of Atrazine 

Fig. 4.11 depicts of the mechanism of photocatalytic activity of Ag/ WO3/SBA-15 

composite in the process of the degradation of atrazine.  SBA-15 is mesoporous with a 

uniform pore structure leading to absorb the relatively large amount of pollutant to build 

adsorption-desorption equilibrium in the dark. SBA-15 is found to be an ineffective 

photocatalyst in the process of the degradation of atrazine but it can serve as a good 

template to increase the effective surface area, which is vital for any photocatalytic 

process. 

 

Figure 4.11: Proposed photocatalytic degradation process at the surface Ag-WO3/SBA-

15. 
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As we observed in the photocatalytic degradation of atrazine using WO3/SBA-15, there 

exists an optimum balance between the surface area enhanced by the SBA-15 template 

and the content of WO3 present in that template. When Ag is loaded to the WO3/SBA-15 

composite, a metal-semiconductor Schotky barrier is formed, where the electronic 

transport process of WO3/SBA-15 composite is governed by the work functions Ag and 

WO3 until the equilibrium is attained to form a new Fermi energy level72. In our case, the 

work function of Ag (4.7 eV) is smaller than that of WO3 (5.7 eV)83 and hence naturally, 

the electrons will transfer from silver to the conduction band of WO3 to accomplish the 

Fermi level equilibration. Therefore, the surface of the WO3 accumulates an excess of 

electrons, while the Ag accumulates positive charge leading to the spatial separation of 

charge carriers. This spatial charge separation due to the formation of Schotky barrier 

inhibits the electron-hole recombination which made the charge carriers available for the 

photocatalytic process and thereby increased the photocatalytic activity of Ag/WO3/SBA-

15 catalyst70,84. This reduced recombination of charge carriers is reflected on the reduced 

photoluminescence signal observed in Fig. 4.9. The photogenerated electrons reduce the 

adsorbed oxygen on the surface of the catalyst and produce super oxygen anionic free 

radical O2
•-. Then O2

•- react with water to produce hydroxide radicals which further react 

with atrazine to give byproduct and water84. 

4.8 Summary 

In this study, a wet impregnation method was employed to synthesize highly ordered 

mesoporous Ag-WO3/SBA-15 heterogeneous catalysts with a well-dispersed metal oxide. 

The presence of WO3 particles in SBA-15 pore channels assists in the uniform and 
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homogeneous dispersion of Ag particles and their synergic effect impose a significant 

impact in enhancing the photocatalytic performance of Ag-WO3/SBA-15 nanocomposite. 

The high mesoporous surface area and open pore channel of SBA-15 framework matrix 

ensure dispersibility and accessibility of guest NPs and promote the transportation and 

diffusion of atrazine molecules. Also, loading of silver into the WO3/SBA-15 promotes 

this material to be active in the visible spectral region and significantly reduced the 

electron-hole recombination. Catalytic degradation studies for advanced oxidation 

processes (AOPs) demonstrate that under optimum conditions the Ag-WO3/SBA-15 

catalysts can efficiently degrade 70% of atrazine in 18 min of visible light irradiation and 

can retain high stability and reusability. Therefore, mesoporous heterogeneous Ag-

WO3/SBA-15 catalysts can be considered as prospective candidates for AOPs in 

wastewater treatment. 
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CHAPTER 5  

 Visible-light-induced heterogeneous Photocatalytic 

degradation of methylparaben using Ag/AgBr@m-WO3 

5.1 Introduction 

Application of heterogeneous photocatalysis in water treatment has been increasingly 

popular, due to its inherent simplicity, low operational cost, mild experimental conditions 

(temperature and pressure) and complete mineralization of the pollutants without any 

residual secondary pollution. Ever since, Fujishima and Honda8 reported water splitting 

using TiO2 electrode, many pure, doped and composite variants of TiO2 have been 

synthesized and used for various photocatalytic and solar energy applications due to 

many positive attributes of TiO2, like low cost, physical and chemical stability and high 

efficiency. However, one of the major constraints of TiO2 as a photocatalyst is its wide 

band gap energy, that limits its activity in the visible spectral region and hence it cannot 

be a good photocatalyst that can be used to harness the abundant solar radiation. Also 

TiO2, in particular shows low adsorption on the hydrophobic contaminants when used as 

photocatalyst for the purification of water. In addition to numerous variants of doped and 

composite TiO2, many other semiconductor photocatalysts like CdS, SnO2, WO3, SiO2, 

ZnO, Nb2O3, Fe2O3 have been used for various photocatalytic applications.  

The nanostructured WO3 has been proven to be an excellent visible-light-responsive 

photocatalyst due to its narrow band gap energy (between 2.4 and 2.8 eV), in addition to 

its stable physicochemical properties, and resistance to photo corrosions85,86. However, 
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the inherent band edges of WO3 are not compatible with the oxidation and reduction 

potential, that favors the chemical reactions that lead to the elimination of organic 

substances from water. In order to overcome this problem, and at the same time 

harnessing other positive attributes of WO3, many metals loaded WO3 like Pd/WO3
87, 

Pt/WO3
88,89 and its composite forms like CuO/WO3

90 and CaFe2O4/WO3
91 were used as a 

photocatalyst for the removal of organic contaminants from water. 

It is well-known that due to surface plasmonic resonance (SPR) effect, the noble metal 

(Au and Ag) doped semiconductor materials exhibit a significant enhancement of light 

absorption in the wide spectral range and this breakthrough opened up a new field of 

plasmonic photo-catalysis92–94. In SPR, when the incident light radiation of appropriate 

wavelength falls on the metal surface, the coherent oscillations of electrons in the noble 

metal set in, and the interaction between these electronic oscillations with the incident 

light promotes the light absorption due to resonance effect. Another advantage of 

plasmonic photocatalysis is the enhancement of the desired charge separation, promoted 

by the formation of Schottky junction between the metal and semiconductor and the 

internal electric field in the junction95,74. Another positive feature that can be used for 

photocatalysis is the mesoporosity of the material and many metal oxides semiconductors 

with ordered mesoporous structures have shown increased photocatalytic activity in many 

applications96,97. This is due to the increased specific surface area in the mesoporous 

materials and its positive effect on the creation of more active sites and the enhancement 

of the adsorption of reactant molecules on the semiconductor surface98. Also, ordered 

mesoporous channels promote quick intraparticle molecular charge transfer, and thereby 

prolong the lifetime of the separated electron-hole pairs by impeding their recombination, 
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which also further helps the improvement of photocatalytic activity 99,100,101.  Ordered 

mesoporous WO3 has been extensively used for gas sensing application, due to its 

increased affinity with gas molecules, due to increased surface area, but only a few 

studies have been performed for photocatalytic applications102–105. 

The enhancement of the photocatalytic activity due to the increased visible light 

absorption brought about by the surface plasmonic effect led to the applications of many 

silver/ silver halide (Ag/AgX, X= Cl, Br, I) nanomaterials for the photocatalytic 

degradation of organic pollutants. In this line, silver bromide (AgBr) as such, is proven to 

be an excellent photoactive material, as it readily generates electron-hole pair when the 

visible radiation falls on it. The photo-generated electrons combine with interstitial silver 

ions to form silver atom and this makes AgBr quite unstable in its pure crystal 

structure106. The following chemical equations explain the above process: 

                                  (5.1)   

  
 

              

 

 

However, many reports have confirmed that the stability of AgBr can be improved and 

the consequent enhancement of photocatalytic activity can be achieved  by dispersing it  

with certain support materials like in the form of composite materials like 

Ag/AgCl/WO3
84, Ag@AgBr/Bi2WO6

107, Ag@AgBr/g-C3N4
108, Ag–AgBr@hierarchical 

hollow silica spheres (Ag–AgBr@HHSS)109, AgBr/WO3
110  Ag/AgBr/WO3.3H2O

111, 

mesoporous Ag/WO3
83,  and Ag-WO3/SBA-1550, which  were reported to have an 

excellent visible light photocatalytic activity for various applications. It was reported in 
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some studies that the deposition of a trace amount of silver on the surface of AgBr@m-

WO3 has affected the photocatalytic activity of AgBr@-m-WO3
87,112.  

In the present work, the mesoporous WO3 was initially synthesized by sole-gel method 

and it was used as a support material for AgBr to form AgBr@m-WO3 composite and 

subsequently, atomic Ag was introduced in the AgBr@m-WO3 composite by photo-

reduction to produce Ag/AgBr@m-WO3 as a final product (Fig. 5.1).  

 

The Ag/AgBr@m-WO3 (with three different Ag content) were used as a photocatalyst 

under visible light radiation for the photocatalytic degradation of methylparaben in water 

and this photo-catalytic degradation was found to be quite substantial. Paraben has been 

used as preservatives in personal care products, pharmaceutical, cosmetic, and food stuff 

for a long time, due to their ability to prevent bacterial and fungal growth. Although 

parabens have been extensively used in most of the lifestyle products, the recent studies 

Figure 5.1: Schematic for the synthesis of Ag/AgBr@m-WO3 photocatalyst. 
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have shown that they have some adverse health effect by disrupting the endocrine system 

by mimicking certain hormones in the body. Particularly, parabens mimic the activity of 

estrogen in the body cell, which is largely associated with breast cancer. Also, there are a 

few reports about the ecotoxicity of trace level of paraben in water (in ng/L to µg/L 

level), particularly about its adverse effects on various microorganism due to continuous 

discharge into the aquatic environment113,114. Parabens are considered as “pseudo-

persistent” pollutants as a result of their continuous ejection into the water bodies and this 

became a cause for eco-toxicological concerns115–117.  

The motivations to use Ag/AgBr@m-WO3 as photocatalyst for this photocatalytic 

removal process are (i) the enhancement of visible absorption due to surface plasmonic 

effect brought about by the introduction of atomic Ag (ii) the reduction of charge 

recombination due to the formation of metal-semiconductor Schottky junction and also 

the presence of mesoporosity in WO3 and (iii) the enhancement of active sites due to the 

increased surface area due mesoporosity. Morphological and optical characterizations of 

the synthesized Ag/AgBr@m-WO3 were also carried out to explain the observed 

enhancement in the photocatalytic removal of methylparaben in water. 

 5.2 Experimental 

5.2.1 Chemicals and materials 

Pluronic P127 (Sigma-Aldrich), Tungsten (VI) chloride WCl6. Silver nitrate (AgNO3, 

Sigma-Aldrich, 99%), cetyltrimethylammonium bromide (CTAB).  
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5.2.2 Synthesis of mesoporous WO3 catalyst 

A measure of 1.0 g of Pluronic P-127 (Sigma-Aldrich) was dissolved in 18 ml of ethanol 

by stirring it for 30 minutes at room temperature and to this solution, 0.01 mol of WCl6 

(Sigma-Aldrich) was added and was vigorously stirred for 2 hours. The resulting sol 

solution was allowed to gel in an open Petri dish at 40 ℃ for 5 days and during this 

process, WCl6 hydrolyzes and polymerizes into a tungsten oxide network. In order to 

remove the surfactant species, the bulk sample, prepared above was calcined at 450℃ for 

6 hours in air at the rate of 2.0 oC/ minute.   

5.2.3 Synthesis of Ag/AgBr@m-WO3  

A measure of 0.25 g of m-WO3 (prepared as above) and 0.12 g of 

Cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich) were added into 100 ml of 

distilled water and after stirring the mixture for 30 minutes at room temperature, 1.0 ml 

of AgNO3 (0.1008M) was added and stirred for further 20 minutes. Subsequently, the 

above product was irradiated using visible light from a solar simulator (150 W xenon 

lamp) for different duration in order to produce catalysts with different contents of Ag 

through the photoreduction of Ag+ ions in AgBr into Ag0 NPs. The catalyst was washed 

with distilled water, dried at 80 ℃ for 24 hours in the dark and finally, calcined in air at 

300 ℃ for 3 hours to obtain the Ag/AgBr@m-WO3 catalyst with different contents of 

metallic Ag0 NPs in it. 
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5.2.4 Material Characterization 

The phase and crystallinity of the synthesized materials were investigated by XRD 

(Siemens D5005) equipped with Cu anode and variable slits. The morphology and the 

microstructure of the synthesized materials were studied by scanning electron microscopy 

(SEM), Energy dispersive spectroscopy (EDX) and high-resolution transmission electron 

microscopy (HR-TEM) (JEM2100F, JEOL, operated at 200 KV). The diffuse reflectance 

spectra (DRS) were taken using a Shimadzu (UV-2450) UV-Visible spectrophotometer, 

where the BaSO4 fine powder was used as a standard for the baseline and the spectra 

were recorded in the 200 to 800 nm wavelength range. Micromeritics Tristar 3000 system 

was used to measure N2 adsorption/desorption isotherms of the samples. The system is 

equipped with dedicated software which uses conventional analysis such as Brunauer-

Emmett-Teller (BET) and Barrett-Joyner-Halanda (BJH) method for the determination of 

pore size distribution. Prior to the measurement, the samples were degassed for 4 h at 300 

°C for the composites.  

The phase and crystallinity of the synthesized materials were investigated by XRD 

(Siemens D5005) equipped with Cu anode and variable slits. The diffuse reflectance 

spectra (DRS) were taken using a Shimadzu (UV-2450) UV-Visible spectrophotometer, 

where the BaSO4 fine powder was used as a standard for the baseline and the spectra 

were recorded in the 200 to 800 nm wavelength range. A Micromeritics Tristar 3000 

system was used to measure the N2 adsorption/desorption isotherms of the samples. Prior 

to the measurement, the samples were degassed for 4 h at 300 °C for the composites. The 

surface area was calculated using the Brunauer-Emmett-Teller (BET) equation and the 

pore volume was calculated from P/Po ~ 0.95. 
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5.3 Photocatalytic degradation of methylparaben under visible light 

For the study of the photocatalytic degradation of methylparaben, 25 ml of 10 ppm 

methylparaben solution and 25 mg catalyst were taken in a beaker and the suspension 

was magnetically stirred for 15 min in the dark to establish the adsorption-desorption 

equilibrium of methylparaben at the surface of the catalyst. A sample was removed after 

the equilibration period and constituted time zero. The suspension was irradiated at room 

temperature with a broadband of light source (450 W Xe arc lamp) equipped with the 

neutral density optical filter to allow the wavelength of light above to 400 nm, and 

aliquots were removed at regular time intervals, centrifuged at 13,500 rpm for 5 minutes 

and the suspension was filtered with 0.22 µm filter to remove any catalyst particles in the 

test solution. The concentration of methylparaben in the samples was quantified using a 

high-performance liquid chromatograph (HPLC, (Prominence Modular HPLC, Shimadzu 

Corporation, Japan) equipped with a photodiode array detector. A C18 column (250 x 4.6 

mm, particle size 5 µm) was employed. The elution phase is the mixture of 

methanol/water (70:30, v/v) phase at a flow rate of 1.0 mL/min and the injection volume 

was 20 µL. The retention time of methylparaben under these conditions was 4.0 min. For 

scavenger studies, 1.0 mM of EDTA, isopropyl alcohol (IPA) and 1,4-benzoquinone 

(BQ) were prepared for mechanistic studies for the holes (hvb
+), hydroxide (•OH) and 

superoxide radicals (O2
−•) respectively.  
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5.4 Results and Discussion  

5.4.1 Morphological Characterization 

XRD of synthesized mesoporous WO3 and the same loaded with Ag/AgBr having 

different contents of photoinduced Ag atoms (obtained by different irradiation time) are 

depicted Fig. 5.2. The XRD pattern for m-WO3 (JAPDF 01-072-0677) is shown in Fig. 

5.2a and the same for Ag/AgBr@m-WO3 with different contents of metallic Ag0 NPs are 

shown in Fig. 5.2 b-d. In Fig. 5.2, we can observe that in the presence of Ag/AgBr in m-

WO3, the intensities of m-WO3 diffraction peaks diminished and the same time three new 

peaks at 31.0o, 44.2o and 72.2o, due to the face centered cubic structure of AgBr (JAPDF: 

06-0438) appeared. However, XRD result does not establish the existence of metallic Ag 

present in Ag/AgBr@m-WO3, and the same was reported in the case of  Ag/AgBr/TiO2, 

AgBr/BiOBr and  Ag/AgBr/WO3 nanocomposites118,119 and could be due to low amounts 

of the Ago nanoparticles and/or their small size.  



62 

 

Figure 5.2: XRD patterns of (a) m-WO3 (b) 15 min Ag/AgBr@m-WO3 (c) 30 min 

Ag/AgBr@ m-WO3 (d) 45 min Ag/AgBr@ m-WO3. 

 

High-magnification scanning electron microscopy (SEM) images were taken of m-WO3 

(Fig. 5.3a) and Ag/AgBr@m-WO3 taken after 15 minutes of irradiation (Fig. 5.3b). The 

Ag/AgBr@m-WO3 composite consists of spherical particles in the range of 20 - 40 nm. 

SEM images with higher resolution were not obtained as AgBr may get decomposed by 

the high-energy electron beam. SEM-EDX elemental mappings (Figs. 5.3c – 5.3f) 

confirm the presence of W, O, Br and Ag, respectively. On comparing Fig. 5.3(e) with 

3(f), we can observe that the distribution of Ag is higher than that of Br. This is because 

Ag is present as Ag metal as well as AgBr on the surface of mesoporous WO3. Fig. 5.3f 

also shows that the distribution of Ag particles is homogeneous. 
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Figure 5.3: (a) High magnification SEM image of m-WO3 particle, (b) SEM of 15 min 

Ag/AgBr@m-WO3 (c) SEM-EDX elemental mapping image of W La1 on this area, (d) 

SEM-EDX elemental mapping image of O Ka1 on this area, (e) SEM-EDX elemental 

mapping image of Br Ka1 on this area. 

 

The mesoporous structure of the catalyst was further studied by HR-TEM (Fig. 5.4). The 

TEM image of WO3 shows rectangular plate-like structure (Fig. 5.4a) while the 

Ag/AgBr@m-WO3 shows a combination of oval and spherical shapes (Fig. 5.4b). The 

particle sizes were in the range of 10 - 50 nm, which is still smaller than the values 

deduced from the SEM images. 

The interplanar distances determined from the high-resolution image were found to be 

0.362, 0.283 and 0.251 nm, which are consistent with the spacing’s of m-WO3 (200), 

AgBr (200)84,120 and Ag (111)  planes, respectively. This confirms the homogenous 
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distribution of Ag/AgBr nanoparticles on the surface of mesoporous WO3. The specific 

surface areas and the pore volume in the range of (0.23 – 0.12) x10-2 cm3 g-1 for m-WO3 

and Ag/AgBr@m-WO3 in which are summarized in Table 1. The surface areas are ~ 12 – 

16 m2/g and pore volumes are ~ 9.7 – 10.2 nm. 

 

Figure 5.4: TEM images of high magnification photocatalyst (a) m@WO3 (b) 15 min 

Ag/AgBr@m-WO3 (c-d) d-spacing of m-WO3 and 15 min Ag/AgBr@WO3 respectively. 

5.4.2 Optical Characterization 

In order to eliminate the effect of light scattering by a particle in the absorption spectra, 

the diffuse reflectance spectra were transformed into Kubelka-Munk function121–123. From 

Fig. 5.5, it is quite clear that as compared to pure m-WO3, Ag/AgBr@-m-WO3 shows 

enhanced absorbance, particularly in the visible region of the spectrum. Moreover, 
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Ag/AgBr@-m-WO3 with 30 minutes of irradiation has much stronger absorption in the 

visible region, compared to one with 15 minutes of irradiation. This indicates that Ag 

nanoparticles were effectively deposited into the photocatalyst composite and the SPR of 

Ag nanoparticles in Ag/AgBr@m-WO3 is responsible for the enhancement of the visible 

light absorption94. Inset Fig. 5.5 shows the Tauc plots81 for m-WO3 and Ag/AgBr@m-

WO3. The band gap energies of the materials were determined and listed in Table1. The 

band gap energy of m-WO3 is 2.6 eV, and giving allowance for the statistical error, the 

change of bandgap energy due to the introduction of Ag/AgBr is not appreciable. 

Figure 5.5: UV-VIS diffuse reflectance spectra represented as Kubelka-Munk 

Function for (a) m-WO3 (b) 15 min Ag/AgBr@WO3 (c) 30 min Ag/AgBr@WO3 

and (d) 45 min Ag/AgBr@WO3 Inset shows the Tauc plots for m-WO3 and 30 min 

Ag/AgBr@WO3 in the order (a) and (c). 
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5.4.3 Photocatalytic degradation methylparaben  

The Ag/AgBr@m-WO3 composites with different contents of atomic Ag (due to different 

photo-reduction time during synthesis) and pure m-WO3 were used as photocatalysts for 

the degradation of methylparaben in water under visible radiation of wavelength λ ≥ 400 

nm. As can be seen from Fig. 5.6, the photocatalytic degradation of methylparaben over 

m-WO3 is not appreciable compared to the Ag/AgBr@m-WO3 composites. 

Ag/AgBr@m-WO3 with the photo- reduction time of 30 minutes (during synthesis) was 

the best performer with 85% degradation of methylparaben after 180 minutes under 

visible light radiation. This result indicates that the presence of Ag/AgBr plays a 

significant role in the photocatalytic degradation of methylparaben. The degradation rate 

of 30 min Ag/AgBr@m-WO3 was three times faster than the m-WO3. From the linear 

plots of -ln(C/Co) vs irradiation time, it can be deduced that the photodegradation of 

methylparaben follows a pseudo-first order kinetics (Fig. 5.7). The rate constants for the 

photodegradation can be obtained from the slopes of linear plots and are listed in Table 

4.2. The photocatalytic degradation of methylparaben in water can be ranked in the 

following order: 30 min Ag/AgBr@m-WO3 > 45 min Ag/AgBr@m-WO3 > 15 min 

Ag/AgBr@m-WO3 > m-WO3.  
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Table 5-1: BET surface area of different nanocomposite and rate constant methylparaben 

degradation of m-WO3 and Ag/AgBr@WO3 nanocomposites. 

Samples Surface area 

(m2 g -1) 

Vpx10-2 

(cm3 g-1) 

Band gap 

(eV)
 

K (min -1)  

m-WO
3
 15 0.23 2.60 0.00161 

15 min Ag/AgBr@WO3 15 0.18 2.54 0.00253 

30 min Ag/AgBr@WO3 16 0.14 2.40 0.00981 

45 min Ag/AgBr@WO3 11 0.12 2.54 0.00377 

Figure 5.6: Photocatalytic degradation of methylparaben in aqueous suspension under 

visible light irradiation with different photocatalyst under visible light. 
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In Ag/AgBr@m-WO3 with 15 minutes of photo-reduction (during synthesis) the content 

of atomic silver is smaller compared to Ag/AgBr@m-WO3 with 30 minutes of photo-

reduction. Consequently, the SPR effect is reduced which leads up to less visible light 

absorption (Fig. 5.7), and weaker photocatalytic degradation of methylparaben in water. 

On the other hand, when the Ag content in Ag/AgBr@m-WO3 is beyond a certain limit, 

as for the sample with 45 minutes of photoreduction, a portion of the Ag nanoparticles 

become active sites that promote the undesirable electron-hole recombination and 

consequently the photocatalytic activity is diminished. Also, a higher content of AgBr in 

m-WO3 will lead to the formation of nanoclusters of Ag/AgBr species, which reduces the 

active sites on the surface of m-WO3 through agglomeration of the particles124,125. The 

weight % of AgBr on 15 min, 30 min and 45 min of Ag/AgBr@m-WO3 catalyst was 0.65 

%, 0.81% and 1.0 % AgBr respectively.   
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Figure 5.7: Plots of −ln(C/C0) vs. irradiation time for the photocatalytic degradation of 

methylparaben with different photocatalysts under visible light. 
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In addition to the photocatalytic activity, the stability and the reusability of Ag/AgBr@m-

WO3 were investigated (Fig. 5.8). The photoactivity of the catalyst remained quite stable 

even after five cycles of use. 

 

Figure 5.8: The reusability of the photocatalyst for 30 min Ag/AgBr@m-WO3. 

The degradation rate of 30 min Ag/AgBr@m-WO3 was three times faster than the m-

WO3. Th degradation rate follows pseudo-first order reaction which indicates that the 

ratio Ag and AgBr were significant parameters on the rate of photodegradation. In order 

to quantify the photocatalytic degradation of methylparaben in water with three different 
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variants of Ag/AgBr@m-WO3, we transformed the photocatalytic degradation curves in 

Fig. 5.6 in a linear form (-ln (C/C0) vs. irradiation time) and are shown in Fig. 5.7 The 

photocatalytic degradation of methylparaben follows the pseudo-first-order kinetic model 

and the slopes of the above linear graphs represent the photocatalytic degradation rate 

constants, which are listed in Table 5.2 for all the catalysts used in this work. The 

photocatalytic degradation rate constant for methylparaben with of 30 min Ag/AgBr@m-

WO3 is 0.00991 min-1, which is much higher than the same with m-WO3. In addition to 

the photocatalytic activity, we examined the stability and the reusability of Ag/AgBr@m-

WO3 and the results are summarized in Fig. 5.9, which shows that all the catalysts are 

quite stable even after five cycles of use with the photocatalytic reaction time of 5 times 

for each cycle. In addition to the photocatalytic activity, the stability and the reusability 

of Ag/AgBr@m-WO3 were investigated. The photoactivity of the catalyst remained quite 

stable even after five cycles of use. 

 5.5 Mechanism of Methylparaben degradation 

5.5.1 Free radical and holes scavenging experiments  

To understands the interaction between Ag/AgBr and mesoporous WO3 and the active 

species generated during the photocatalyzed degradation of methylparaben using m-WO3 

and Ag/AgBr@m-WO3, we carried out holes (hvb
+) scavenging and free radical 

experiments. In this part of the study, EDTA, Isopropyl alcohol (IPA) and 1,4-

benzoquinone (BQ) are respectively used as holes (hvb
+) scavenger, hydroxyl radical 

scavenger (•OH), superoxide radical scavenger (O2
•-)85,86. As it is clear from Fig. 5.9, 

isopropyl propyl alcohol (•OH scavenger) does not bring about any change in the 
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photocatalytic degradation of methylparaben, while BQ (O2
•- scavenger) and EDTA (hole 

scavenger) decrease the catalytic activity87,88. Generally, more the role of the reactive 

species, more reduced is the photoactivity and on this basis, our results indicate that the 

•OH radical has no active role and O2
•- was the main active species in the degradation of 

methylparaben. However, it was noticed that the suppression of BQ is not so high, which 

indicates the possible role of another active species. Knowing that the holes mostly 

accumulate on the valance band of AgBr and it can oxidized bromide ion to bromine Br2 

atoms, which function as a reactive species to degrade methylparaben126,127. This explains 

the minor effect of the holes in the degradation of methylparaben.  

 

Figure 5.9: Effect of different scavenger on the photocatalytic degradation in the presence 

of 30 min Ag/AgBr@m-WO3. 
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5.5.2 Charge transfer mechanism  

Fig. 5.10 describes the proposed charge transfer mechanism for the photodegradation of 

methylparaben over the Ag/AgBr@m-WO3 composite catalyst. When Ag/AgBr@m-WO3 

is irradiated with visible light, photoexcited electron-hole pairs are generated in AgBr, m-

WO3 and Plasmon excited Ag NPs. The photo-generated electrons from Ag NPs migrate 

to the conduction band of WO3 and convert O2 adsorbed on WO3 to O2
•- and at the same 

time, the photo-generated holes are trapped by AgBr particles due to surface Plasmon 

state of silver NPs 128 and this mechanism results in the efficient charge separation. 

Another charge separation is mediated by the migration of photogenerated electron into 

the metallic silver on the surface of WO3
129 and at the same time, holes from AgBr 

oxidizing  Br- to Br0. In addition to these charge transfer mechanism, methylparaben can 

directly be oxidized by the plasmon-induced h+ (or Ag+) on the silver NPs, and this also 

accelerates the process of transforming photo-oxidized Ag NPs back to their initial state. 

Mesoporous WO3 provides more adsorption active sites for pollutant due to the higher 

specific surface area. 
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5.5.3 Major by-products of methylparaben and reaction pathway 

To characterize photocatalytic by-products of this reaction, experiments were carried out 

at ambient conditions (1.0 mg L-1 of Ag/AgBr@m-WO3 as photocatalyst) using the stock 

solution of methylparaben (10 mg L-1) in the presence of solar radiation in the visible 

spectral region. Samples were withdrawn for analysis after 180 and 240 minutes of 

irradiation and were analyzed by LC-MS to identify the intermediates, which are shown 

in Fig. 5.11 

 

Figure 5.10: Schematic for the mechanism of photocatalytic degradation of 

methylparaben with Ag/AgBr@m-WO3 under visible light. 
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In the current study, an effort was made to explain the mechanism and reaction pathways 

through the by-products identification, formed during the photocatalytic treatment 

procedure of methylparaben. Fig. 5.11 shows the suggested chemical formula and the 

value of detected ion exact mass for identified products of the degradation, during the 

methylparaben photocatalytic degradation process. Overall, five of the by-products was 

tentatively identified from the screening of the treated samples, followed by the reaction 

pathway of the methylparaben degradation in analyzed samples. 

Figure 5.11: The photocatalytic reaction mechanism for the degradation of 

methylparaben. 
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As T. Velegraki et al130 reported the methylparaben degradation proceed by three 

different ways: (i) hydroxide radical attack on the methylparaben, (ii) the reaction of 

methylparaben with photo-generated hole generated in WO3 and (iii) direct oxidation of 

methylparaben by dissolved oxygen in the water. During the treatment, the 

methylparaben toxicity or at least part of it remains in the solution because most of the 

by-products of methylparaben contain the core structure of the compound.  

When the hydroxide radical attacked methylparaben at methyl group and hydrogen in the 

aromatic ring to produce 4-hydroxybenzoic acid (1) and (2) dihydroxybenzoic acid. Also, 

the last product is further oxide to phenol (3). The formation of 1,2-benzenedicarboxylic 

acid bis-(2 methylpropyl) ester (4) and benzendicarboxylic acid (5) could be attributed to 

coupling at high concentration [53]. Furthermore, the formation of (4) and (5) could be 

attributed to the addition of 3-methylbutanoic acid group at the aromatic ring at C-2 and 

the di-hydroxylation and consequently addition of isobutene and methyl moieties at 

methyl acetate group, respectively. 

5.6 Summary  

In this study, highly ordered mesoporous WO3 was synthesized by sol-gel method and 

subsequently, deposition-precipitation method was employed to synthesize AgBr@m-

WO3. Different levels of atomic silver were generated on the surface of AgBr@m-WO3 

by photoreduction method to get Ag@AgBr-m-WO3.  The synthesized material was used 

as a photocatalyst for the degradation of methylparaben in water.  It was observed that the 

presence of Ag/AgBr on the surface of m-WO3 brought about a significant enhancement 

in the photocatalytic performance of Ag/AgBr@m-WO3 nanocomposite. The 
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enhancement of photocatalytic degradation can be attributed to the surface plasmonic 

effect due to atomic Ag and consequent enhancement of visible absorption, the reduced 

of charge recombination due to the formation of metal-semiconductor Schottky junction 

and the enhancement of surface area due to mesoporosity. Morphological and optical 

characterizations of the synthesized Ag/AgBr@m-WO3 were also carried out to explain 

the efficiency of this photocatalytic material in the process of removal of methylparaben 

in water. 
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CHAPTER 6  

Conclusion and recommendations 

6.1 Conclusion  

In this thesis, we have developed several WO3 based visible light driven photocatalyst for 

degradation of persistent organic such as herbicide and pharmaceutical compound in a 

water sample. These photocatalysts can absorb visible light, stable and nontoxic under 

visible light irradiation. In all the cases, the separation of the catalyst from the water can 

be easy. 

In this study, the Ag/WO3/SBA-15 nanocomposite, the intimately the Ag disturbed 

homogenously between WO3 and SBA-15, as well as relatively high surface SBA-15, the 

high mesoporous surface area and open pore channel of SBA-15 framework matrix 

ensure dispersibility and accessibility of guest NPs and promote the transportation and 

diffusion of atrazine molecules. Also, loading of silver into the WO3/SBA-15 promotes 

this material to be active in the visible spectral region and significantly reduced the 

electron-hole recombination which enhanced the efficiency of separating the photo-

generated charge carriers, resulting in high activity, with approximately 80% degradation 

in 18 min. Therefore, mesoporous heterogeneous Ag-WO3/SBA-15 catalysts can be 

considered as prospective candidates for AOPs in wastewater treatment. 

Also, we successfully synthesized another catalyst Ag/AgBr@m-WO3 and fully 

characterized the catalyst. This catalyst shows higher photocatalytic activity on the 
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degradation of methylparaben using visible light as a source of light. It was observed that 

the presence of Ag/AgBr on the surface of m-WO3 brought about a significant 

enhancement in the photocatalytic performance of Ag/AgBr@m-WO3 nanocomposite. 

The enhancement of photocatalytic degradation can be attributed to the SPR due to 

atomic Ag and consequent enhancement of visible absorption, the reduced of charge 

recombination due to the formation of metal-semiconductor Schottky junction and the 

enhancement of surface area due to mesoporosity. Morphological and optical 

characterizations of the synthesized Ag/AgBr@m-WO3 were also carried out to explain 

the efficiency of this photocatalytic material in the process of removal of methylparaben 

in water. 

 

6.2 Recommendations  

Photoctalysis is still in the development step in the development stage various hidden 

aspects of this technology are yet to be explored in more details. The focus of research in 

this area is to develop metal oxide photocatalyst as source for degradation of persistent 

organic pollutants. Unfortunately, at present study WO3 and modified WO3 

nanocomposite photocatalyst is still not completely mineralization the organic pollutants. 

Extensive research efforts are needed for the development of new photocatalyst of high 

activity and complete mineralization of organic pollutant into water and carbon dioxide.  
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