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Summary 

Multi-walled carbon nanotubes (MWCNTs) were treated with HNO3 and H2SO4 to obtain 

activated/functionalized multi-walled carbon nanotubes (A-MWCNTs). The functionalization 

increases the stability and dispersive properties of the A-MWCNTs. A-MWCNTs supported and 

unsupported bimetallic oxides nanoparticles were synthesized from their respective salts through 

chemical reduction method. Five different supported and unsupported bimetallic oxides 

nanoparticles (A-MWCNTs/Mn–Zn oxides and Mn-Zn oxides NPs), (A-MWCNTs/Fe-Mn 

oxides and Fe-Mn oxides NPs), (A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs), (A-

MWCNTs/Ag-Co oxides and Ag-Co oxides NPs) and (A-MWCNTs/Co-Ti oxides and Co-Ti 

oxides NPs) were prepared. The supported and unsupported bimetallic nanoparticles were 

characterized by various instrumental techniques like scanning electron microscopy (SEM), 

energy dispersive X-rays (EDX) and X-rays diffraction (XRD). The SEM images shows that 

bimetallic oxides nanoparticles are mostly in spherical form. It also shows that the supported 

bimetallic oxides NPs are mostly in dispersed form on the surface of A-MWCNTs while the 

unsupported bimetallic oxides NPs are in agglomerated form and hence have low surface area as 

compared to the supported bimetallic oxides NPs. The EDX spectra show the concerned 

composition of the prepared supported and unsupported bimetallic oxides NPs. The EDX spectra 

also revealed that bimetallic NPs are in their oxides form as confirmed from the presence of 

oxygen. The presence of oxygen also confirms the functionalization of the A-MWCNTs, as 

carboxyl functional group is introduced during the acid treatment. All the supported and 

unsupported bimetallic oxides NPs were used as photocatalysts for the degradation of different 

dyes under UV irradiation in aqueous medium. In the photodegradation study, A-MWCNTs/Mn–
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Zn oxides and Mn-Zn oxides NPs were used for the photodegradation of malachite green, A-

MWCNTs/Fe-Mn oxides and Fe-Mn oxides NPs for methylene blue, A-MWCNTs/Cu-Ti oxides 

and Cu-Ti oxides NPs for alizarin red, A-MWCNTs/Ag-Co oxides and Ag-Co oxides NPs for 

congo red and A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs for Rhodamine-B dye 

photodegradation. The photodegradation of all the dyes shows that the supported bimetallic 

oxides NPs caused more degradation of the dye compared to the unsupported bimetallic oxides 

NPs. This is due to the dispersion of the bimetallic NPs on the surface of A-MWCNTs. The 

effect of various parameters such as the irradiation time, catalyst dosage, dye concentration and 

pH of the medium on the photodegradation of dyes was studied. The catalytic efficiency of 

recycled photocatalysts was also evaluated for the same dye under the same experimental 

conditions, which showed less activity compared to the original photocatalysts. 
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CHAPTER 1                             INTRODUCTION  

1.1 Nanotechnology 

Nanotechnology deals with the study of designing, synthesis, manipulations and applications of 

materials, objects and devices having shape and size at the nanoscale [5]. Nanotechnology is the 

science of manipulating and using of matter at nanoscale. At the nanoscale, atoms and molecules 

work differently providing a variety of interesting and surprising uses. Nanotechnology provides 

opportunity for materials developments for various applications [6]. It deals primarily with the 

synthesis, exploration, characterization and exploitation/benifiting of nanomaterials. 

Nanotechnology has developed in the last decade because of emergence of new methods for 

nanomaterials synthesis as well as tools for their characterization and their manipulation. 

Nanotechnology has potential applications in the production of novel materials and devices such 

as computer technology, nanoelectronics, medicine and treatment. Nanotechnology provide 

benefits to various industries such as electronic and chemical industries as well as to the area of 

environmental protection [7]. Nanotechnology is a diverse field and thus entails its applications 

in the area of Chemistry, Semiconductor Physics, Molecular Biology, surface and 

microfabrication [8]. Nanotechnology has the ability to detect, prevent and remove 

environmental contaminants from soil, air and water via environmental friendly and cost 

effective manners. Nanotechnology can be applied in the processing, production, safety and 

packaging of food. It has the potential to change food industry and agriculture from production to 

processing, conservation, packaging, transportation and waste treatment. It enables us to make 

construction cheaper, faster and safer. Thus nanotechnology have attractive applications in all 

economic sectors such as cosmetics, weapons, computers, automotive industries, medical and 



Chapter 1                               Introduction 
 

2 
 

drug appliances, agriculture and food, and in energy production [9]. A schematic representation 

of the applications of nanotechnology is given in the figure 1.1 [1]. 

 

Figure 1.1: Applications of the nanotechnology 

1.2 Nanoparticles  

Nanoparticles (NPs) are the aggregates/clusters of atoms having size in range of 1–100 nm [10]. 

They contain 20-15000 atoms and can be synthesized from various materials with different 

shapes such as rods, spheres, tubes and wires [11].  NPs are sometime also called as zero-

dimensional nanomaterials due to the reason that all of their dimensions are in the nanoscale. 

NPs have several properties which differentiate them from their bulky materials with respect to 

their size, energy absorption, biological mobility and chemical reactivity [12]. The dimensions of 

NPs make them ideal candidates for nanoengineering of surfaces and for the fabrication of 



Chapter 1                               Introduction 
 

3 
 

functional nano-structures which are useful in the chemicals and biosensors, optoelectronics, 

catalysis and drug delivery. Nanoparticles show fascination of optical and electronic properties 

and can be prepared from a wide range of materials [13]. Metals Nanoparticles display 

completely new and improved properties which depend on their specific characteristics such as 

size, morphology and distribution. Metal nanoparticles show novel electronic, magnetic and 

optical properties, which attract their applications in different fields such as agriculture, 

medicine, and electronics [14]. Metal nanoparticles posses high surface area and have high 

fraction of the surface atoms and display unique physico-chemical characteristics, including 

optical properties, catalytic activities, electronic properties, magnetic properties and antibacterial 

activities [15]. Owing to these unique characteristics the metal NPs have diverse applications in 

the field of medicines, electronic and optical devices, catalysis, superconductors, dyes and 

pigments [16]. Figure 1.2 shows magnified image of typical silver NPs [2]. 

 

Figure 1. 2: Silver nanoparticles 

1.2.1 Synthesis of Nanoparticles 

Nanoparticles can be synthesized by various methods but all these methods are classified under 

two main classes: 
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(a) Top-down approach 

This is the destructive approach in which a bigger molecule is degraded into smaller unit and 

finally converts these smaller units into suitable nanoparticles. An example of top-down 

approach method include milling/grinding, physical vapors deposition (PVD), chemical vapors 

deposition (CVD) and also some other decomposition techniques. These methods are commonly 

employed to synthesize coconut shell NPs. A very important technology in this type of approach 

is based on the wet ball milling. For the production of nanocrystalline dispersions, the mill 

chamber is charged with the milling media such as silicium nitride beads, zirconium beads, 

polystyrene beads etc. The moving of milling media causing high intensity shear forces which 

result in the abrasion of the drug particles. Another technology in top-down approach is high 

pressure homogenization (HPH). In this method, the reduction of particle size is caused mainly 

by shear forces, cavitation forces and collision of the particles [6, 17].  

(b) Bottom-up Approach 

This method is reversed to top-down approach, in which nanoparticles are synthesized from 

simple substances and hence, this method is also termed as building up approach. Examples of 

this method include reduction, sedimentation, green synthesis, sol-gel method, spinning, 

biochemical synthesis etc. Recently, the solvent-exchange method is used for the preparation of 

low density lipo-proteins nanoparticles for drug delivery in medical cancer. In solvent-exchange 

method, nucleation of the specie is “bottom approach” then followed by their growth which is 

the “up approach”. Green and other biogenic bottom-up approaches are receiving much attention 

due to cost effectiveness, environmental friendly, less toxic nature and feasibility of processes. 

This method is cost effective and environmental friendly in which plants crude extract, fungi, 
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yeasts, bacteria, aloe vera etc. are used for the synthesis of nanoparticles [17]. Figure 1.3 shows a 

summary of the methods used for synthesis of NPs [3]. 

 

Figure 1. 3: Methods of preparation of nanoparticles 

1.2.2 Properties of Nanoparticles 

Nanoparticles (NPs) have attained much attention because of their exceptionally small size, large 

surface area, and its unique optical, electrical, catalytic and magnetic properties [16]. Following 

are some of the important properties of nanoparticles. 

1.2.2.1 Optical properties 

Noble metals show shape and size dependent optical behavior that arise due to their surface 

plasmon resonance and reveal a strong UV-Vis extinction band which cannot be seen in the 

spectrum of their bulky form. Surface plasmon resonance is the coherent oscillations of metal 

electrons in vicinity of the metal–dielectric interface. The resonating frequencies of the noble 
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metals lie in the middle of optical spectrum and hence, their surface plasmons strongly interact 

with light. The excitation band arises when frequency of the incident photon become constant 

with the collective excitation of conduction band electrons and the phenomenon is called the 

“localized surface plasmon resonance”. Due to these properties, gold NPs show rusty color as 

seen in blemished glass windows/door and silver nanoparticles are typically yellow [17, 18]. 

Figure 1.4 shows the phenomenon of surface Plasmon resonance [3]. 

 

Figure 1. 4: The localized surface plasmon resonance on the outer surface of the nanoparticles 

1.2.2.2 Magnetic properties 

Nanoparticles having size below critical value specially around 10-20 nm perform best and show 

magnetic properties. At this small size range, each NPs becomes a single domain and hence 

show superparamegnetic behavior. Such single nanoparticle has a constant and large magnetic 

moment and hence, behaves like a huge paramagnetic atom which shows a quick response to the 

applied magnetic field with negligible coercivity and remanence [19]. The magnetic behaviors of 

metal nanoparticles are due to uneven electronic distribution in NPs. The magnetic properties of 

NPs also depend upon the synthetic protocol and different preparation methods like co-

precipitation, solvothermal, thermal decomposition, micro-emulsion, flame spray synthesis etc. 

Magnetic NPs are of large interest for investigators and have a broad range of applications in 



Chapter 1                               Introduction 
 

7 
 

various fields including data storage, homogenous and heterogeneous catalysis, magnetic fluids, 

magnetic resonance imaging, biomedicine, and remediation of the environment like water 

treatment etc. [17]. 

1.2.2.3 Catalytic properties 

Metal nanoparticles are very important as catalysts due to their high surface to volume ratio [20]. 

Different metal oxides and sulfides such as ZnO, TiO2, CdS, ZnS etc. show catalytic properties 

and can be used as a solid heterogeneous photocatalyst, which is due to its chemical stability, 

low photocorrosion, uniform pore size, and high surface area, etc. [21]. Among metal oxides 

NPs, TiO2 is the most extensively used photocatalyst for waste water purification due to their 

high surface area, low cost, high chemical stability, nontoxicity and excellent degradation of 

various organic pollutants. TiO2 is also effective in utilization of solar energy for water splitting 

and photovoltaic devices [22]. Recently, bimetallic NPs attracted much attention because of the 

newly developed capability in controlling the composition and physical and chemical properties. 

For example, heterostructures of Pt with other metals such as Pt-Au, Pt-Pd and Pt-Ru show 

enhanced catalytic behavior in formic acid oxidation and oxygen reduction compared with pure 

Pt catalyst [23].  

1.2.2.4 Mechanical properties 

As depicted in the figure 1.5, NPs have distinct mechanical properties which have novel 

applications in the field of surface engineering, tribology, nano-manufacturing and 

nanofabrication [3]. Various mechanical parameters like hardness, stress and strain, elastic 

modulus, friction, adhesion, coagulation, surface coation, lubrication etc. can be monitored to 

understand the mechanical nature and properties of NPs. The NPs interactions with the any 

surface are very important for the enlightening of the surface quality. Fruitful outcomes can be 
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achieved by understanding and a deep insight of the basics of the mechanical properties such as 

movement law, hardness, elastic modulus, interfacial adhesion, friction and their size dependent 

characteristics [17].  

 

Figure 1. 5: Mechanical properties and applications of the nanoparticles 

1.2.3 Application of Nanoparticles 

1.2.3.1 Sensing Applications 

The high surface area to volume ratio of nanoparticles provides a large surface area in a reaction 

within a very small volume of the sample. This property also enabled accelerated transport of the 

mass of analyte specie to the surface of nanoparticle through spherical diffusion which can 
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significantly reduce the required time for measurement. For sensing purpose, nanoparticles are 

immersed in a sample solution for physical adsorption or for a chemical reaction. These 

interaction impacts the physical characteristics of NPs, which can be measured through various 

methods including fluorescence sensing, colorimetric sensing, electrical and electrochemical 

sensing, surface plasmon resonance sensors, surface enhanced raman scattering based sensing 

and quartz crystal microbalance-based sensing [24]. 

1.2.3.2 Medical Applications 

The simpler and smaller size of NPs and its existence in the same size domains as proteins, 

makes nanomaterials that are suitable for bio-tagging or labeling and allow us to use it as spying 

agent at the cellular machinery without the introduction of too much and large interference. For 

this function, a molecular or biological coating or a layer that acts as bioinorganic interface are 

attached to the NPs. Examples of the biological coatings includes biopolymers like collagen, 

antibodies or monolayers of the small molecules that makes the NPs biocompatible [25]. NPs 

enable the analyses and the therapies, which cannot be simply performed otherwise. NPs provide 

significant enhancements in the traditional biological cells and tissues imaging using 

fluorescence microscopy and also in the modern magnetic resonance imaging of the various parts 

of the body. Quantum dots (QD) can be targeted to specific body organs via coating the QD 

surface with appropriate molecules. Superparamagnetic iron oxide NPs can be utilized to detect 

cancer in vivo by using a mouse xenograft model. The relaxation times of superparamagnetic 

nanoparticles are higher much more than those of gadolinium-based agents. [12]. Nanoparticles 

are widely used as signal reporters for biomolecules detection in immunoassay, DNA assay and 

as well as for cell bio-imaging. Gold nanoparticles based probes are used in the pathogenic 

bacteria identification in the DNA-microarray technology. NPs can also be used as flourophores 
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in the fluorescence in situ hybridization [11]. Figure 1.6 summarizes the medical applications of 

NPs [4]. 

 

Figure 1. 6: Medical applications of nanoparticles 

1.2.3.3 Catalytic applications 

Metal and metal oxides NPs can be used as good solid heterogeneous photo-catalyst for the 

reason of its chemical stability, high surface area and low corrosion [16]. This heterogeneous 

photocatalytic technique is an emerging route for environmental remediation. The large surface 

area of NPs results in large contact between the pollutants and active sites of catalysts, which 

results in complete degradation of wide range of the organic compounds/pollutants and microbial 

substances [26]. Different metal and metal oxides NPs have been reported as photocatalysts for 

the photocatalytic degradation of organic pollutants such as graphene/cobalt-manganese oxides 

nanoparticles for neutral red chloride [16], SnO2 nanoparticles for methylene blue [27], CoO, 

CoS and CoO/CoS for 2-nitrophenol [21] etc. The advantages of this treatment over other 
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traditional techniques are the quick oxidation, oxidation of toxicants/pollutants up to parts per 

billion levels and also it does not produce polycyclic products [28]. This semiconducting 

photocatalysis techniques successfully degrad carboxylic acid, alcohols, amines, aldehydes and 

herbicides, and can mineralize the toxic and hazardous organic pollutants to water, carbon 

dioxide and other simple mineral acids [29]. 

1.3 Dyes 

Dyes are organic colored substances, soluble in water and other organic solvents and have the 

ability to color the substrates for which they have an affinity [30]. Organic compounds posses 

color due to the following reasons; 

1. Organic compounds absorb light in visible region (400–700 nm). 

2. They have atleast one chromophore group. 

3. They have a conjugated system. 

4. They exhibit the resonance of electrons, which is a stabilizing force in the organic 

compounds. 

Relationship between the wavelengths absorbed and complementary colors are given in the table 

1.1. Lacking of any one of the above characteristics from the dye structure leads to the loss of 

color [31]. 
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Table 1.1: Relationship between the wavelengths of visible light absorbed and color observed. 

 

Today, more than 10000 dyes are available commercially. These synthetic dyes have been used 

increasingly in paper, textile, rubber, cosmetics, plastics, foods and pharmaceutical industries. 

These industries also consume huge amount of water during the dyeing process [32]. These dyes 

are widely used in the pigments and textile industries, which utilizes about thousands of different 

pigments and dyes and more than 0.7 million tones of the dyes are annually produced all over the 

world. These pigments and textile industries discharge about 146,000 tones of the dyes per year 

in their effluents [33]. The diversity in structures of the dye comes from the use of different 

chromophoric groups such as triarylmethane, azo, phthalocyanine and anthraquinone groups and 

also from different application technologies such as reactive, disperse, direct dyeing and the vat 

dyeing. Most of these dyes are toxic, carcinogenic, mutagenic and non-biodegradable due to their 
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larger size and complex structures. A minute quantity of these dyes in the water is not only 

observable/visible but interferes with the transmission of sunlight into the streams of water and 

hence reduces the photo-synthetic activity [34].  

Different physical and chemicals methods are used for the removal of the dyes from wastewater 

such as reverse osmosis, adsorption, ultrafiltration, flocculation, air stripping, chemical 

precipitation, chlorination, ozonation, coagulation and electrocoagulation. But each process has 

its own disadvantage and give non-biodegradable contaminants, which act as new pollutants that 

need further treatments [35]. For example, activated sludge (biological method) can only 

removes moderate amount (10-20%) of dye. Similarly, adsorption on activated carbon can also 

remove dye in low concentration [36]. 

1.3.1 Toxicity of Dyes 

Dyes used and released by textile industries are highly toxic, water soluble, stable and non-

biodegradable. Most of these dyes found in industrial effluents are toxic, carcinogenic, 

mutagenic and non-biodegradable in nature and pose a serious threat to the environment, which 

has adverse effect on living organisms and human-beings. Some of the adverse effects of these 

dyes on human includes skin, lungs and respiratory disorders [32, 34]. Some of the reactive dyes 

also cause allergic conjunctivitis, contact dermatitis, occupational asthma, rhinitis and are 

responsible for other allergic reactions in textile workers. Disperse dyes with a sensitizing 

potential may also cause skin allergic reaction if it is dyed on a polyamide or a semi-acetate, and 

its low wet-fastness could allow the dyes to migrate to skin [36]. These dyes containing effluents 

when discharged into lakes or rivers cause biological magnification, non-aesthetic pollution and 

also eutrophication. These dyes reduce light penetration, which reduces the photo-synthetic 

activity and also causes toxic effects and disturb the aquatic life [37]. 
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1.4 Malachite Green 

Malachite green (N-methylated diaminotriphenylmethane) dye, is the most common industrial 

dye and is used as a therapeutic agent for fish. This dye is considered as the most effective agent 

against the fungal infections in fish industry. It is used for the direct dyeing of wool, jute, silk 

and leather, and also as a biological stain. It is used in ceramic industry as a pigment and is also 

used as an additive in the paper industry. It is green, crystalline and soluble in water having 

solubility to the extent of 66.67 g/L as chloride salt [38]. Its chemical formula is C23H26ON2 and 

its formula mass is 346 g/mol. Its melting point is 112–114 oC and its maximum absorbance 

wavelength is 617 nm [39]. The structure of malachite green is given in the figure 1.7. 

 

Figure 1. 7: Structure of malachite green 

1.4.1 Toxicity of Malachite green 

Malachite green (MG) is now banned due to its toxic effects on reproductive system, immune 

system and also due to its carcinogenic and genotoxic properties. In human, this dye may cause 

gastrointestinal tract irritation upon its ingestion. MG cause skin irritation, redness and pain and 

may also lead to permanent injury of the human eyes upon its contact with skin and eyes. The 

United State Food and Drug Administration have nominated malachite green dye as a priority 

chemical for the testing of carcinogenicity [40]. 
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1.5 Methylene Blue 

Methylene blue (MB) with chemical name of 3, 7-bis (dimethylamino)-phenazathionium 

chloride tetramethylthionine chloride, is a heterocyclic aromatic compound. It is soluble in water 

and has deep blue color when oxidized and colorless in its reduced form. MB was the first fully 

synthetic drug used in medicine. It is used as anti-malarial agent and has antidepressant and other 

psychotropic effects. MB has also been used as a treatment for shock states and in calcium 

channel blocker overdose [41]. MB has a wide range of applications including hair temporary 

colorant, coloring paper, dyeing wools, cottons and also coating for the paper stock [42]. The 

chemical structure of methylene blue is given in the figure 1.8. 

 

Figure 1. 8: Structure of methylene blue 

1.5.1 Toxicity of Methylene Blue 

Beside medicinal and other applications, MB is toxic to living organisms. Upon inhalation it may 

cause difficult or rapid breathing while its ingestion via mouth produces the burning sensation 

and may also cause vomiting, nausea, gastritis and diarrhea. Entering in large quantity to the 

body creates chest and abdominal pain, profuse sweating, severe headache, painful micturation, 

mental confusion, and methemoglobinemia-like syndromes [43]. Acute exposure to the methyl 

blue will cause increasing heart rate, jaundice, cyanosis, Heinz body formation, and quadriplegia 

and also tissue necrosis in the humans [42]. 



Chapter 1                               Introduction 
 

16 
 

1.6 Photodegradation 

Photodegradation is an advance oxidation process (AOP), in which large molecules are photo-

chemically broken down into simple, non-toxic and lower molecular weights fragments. This is a 

light based process which is used widely for degrading organic pollutants [16]. AOP is 

commonly used to degrade various hazardous chemicals such as dyes into simple inorganic 

species such as CO2 and H2O without producing any hazardous by-products and sludge which 

need further treatment [44, 45]. This is an effective technique for dealing with the problems of 

environmental pollution, such as hazardous waste remediation, air clean-up, water disinfection 

and water purification [46]. This is heterogeneous photoctalytic process carried out in the 

presence of the photo-catalyst. Photocatalyst is a semiconductor material, activated by absorbing 

light photon and has the capability of enhancing/accelerating photocatalytic reaction and also 

increase efficiency of degradation without its consumption. The most common, advanced and 

good heterogeneous photocatalysts are the metal nanoparticles due to its high surface area, 

chemical stability and low corrosion [16]. 

1.6.1 Mechanism of Photodegradation 

As light falls on metals photocatalysts, electron (e−) excitation take place from the valence band 

(VB) of the metals to the conduction band (CB) which create positive holes (h+) in the VB. The 

positive holes created either directly oxidizes the dye molecules to reactive intermediate due to 

its high oxidative potential or reacts with the water (H2O) molecules and produce Hydroxyl 

radicals (∙OH). The electron present in the conduction band of the metals react with the O2 

molecule and reduces it to the superoxide anion radical (∙O2
−). These radicals are highly reactive 

and cause dye degradation. The major possible reactions are summarized in the following 

equations [40]. 
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NPs + hv → NPs (h+ + e−) 

h+ + Dye  →  Oxidation of the dye molecules 

h+ +  OH−/H2O → ∙OH 

e− + O2 → ∙O2
− 

∙OH + ∙O2
− + dye → degradable/less toxic species 

Figure 1.9 shows the mechanism of photocatalytic degradation. 
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Figure 1.9: Mechanism of the photocatalytic degradation 
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1.7 Aims and objectives of the present work 

The aims and objectives of the present work are given below; 

i. To synthesize effective photocatalysts for the degradation of dyes. 

ii. To develop sustainable catalysts for the photodegradation of dyes. 

iii. To minimize water pollution caused by dyes. 

iv. To compare the effectiveness of supported and unsupported bimetallic oxides 

photocatalysts on the degradation of dyes. 
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1.8 Literature review 

Koo et al. [47] synthesized CNT-modified silver titania (Ag-TiO2-CNT) NPs composites 

with various CNTs concentrations by photochemical reduction method and were characterized 

by different instrumental techniques like FE-SEM, STEM, EDX, XRD, Raman spectroscopy and 

UV-visible diffuse reflectance spectroscopy. They found that the TiO2 nanoparticles are 

distributed uniformly on the CNTs, and the Ag particles are decorated on the surface of TiO2. 

The synthesized samples were used as photocatalysts for the photo-catalytic degradation of the 

methylene blue (MB) dye under artificial light. Their adsorption and recovery study of 

methylene blue dye shows that prepared composite have higher absorption efficiency than the 

unadorned CNTs. They found that Ag-TiO2-CNT NPs composite with 1% of CNT have 

effectively adsorbed and degrade MB dye. 

Li et al. [48] uniformly anchored TiO2 and Fe nanoparticles at MWCT surface. They 

used the prepared Fe–CNT/TiO2 composite as a photocatalyst for the photo-degradation of the 

MB dye under UV-light and differently intensified visible-light irradiation. They found that 

degradation of MB dye increased with increasing the intensity of the visible-light. They also 

carried out chemical oxygen demand analysis of the piggery waste at regular time intervals 

which provides a good idea about wastewater mineralization. 

Riaz et al. [49] prepared bimetallic Cu–Ni/TiO2 with different mass compositions of 

Cu:Ni through precipitation method and are characterized via FT-IR, TGA, Fe-SEM, powder 

XRD, diffuse reflectance UV–visible spectroscopy, temperature programmed reduction studies, 

HR-TEM and surface area analysis by employing the BET method. The prepared bimetallic Cu–

Ni/TiO2 was used as a photocatalyst for the photo-degradation of orange II and the effect of 

calcinations temperature on dye removal was investigated. The raw Cu–Ni/TiO2 was activated 
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with three different calcinations temperature (180, 200 and 300 oC) for 1 h duration. They 

performed the reaction under visible-light irradiation with an initial dye concentration of 50 ppm 

and at pH 6.8 and at the reaction end total organic analysis was also conducted. The results 

showed that the best performing Cu–Ni/TiO2 photocatalyst has mass composition of 9:1 Cu:Ni 

and was calcined at 180 oC which remove 100% Orange II with 16.1 ppm TOC value. They also 

investigated that the photocatalyst calcined at 180 and 200 oC removed high % of dye as 

compared to the photocatalyst that were calcined at 300 oC. 

Saeed et al. [37] prepared graphene nanoplates supported bimetallic Sn-Pt nanoparticles 

by using precipitation method. They used GNs/Sn-Pt nanoparticles as a photocatalyst for the 

photocatalytic degradation of Basic Green 5 dye (BG5) in an aqueous medium under sunlight 

irradiation as a function of time. The GNs/Sn-Pt catalyst degraded 80% of the dye within 8 h 

while the recovered GNs/Sn-Pt catalyst degraded 59% of the BG5 dye within 8 hours. They also 

found that the photodegradation of BG5 was pH dependent and obtained maximum degradation 

of dye at a higher pH (96% dye degraded at pH 9). 

Saeed and Khan [16] synthesized GNs/Co-Mn nanocomposites through chemical 

reduction method. They used GNs/Co-Mn nanocomposites as a photo-catalyst for the photo-

degradation of Neutral Red Chloride dye (NRC) in an aqueous media under sunlight irradiation 

as a function of irradiation time and photocatalyst amount. Their photodegradation results 

revealed that GNs/Co-Mn degraded 94% of NRC dye within 5 min, while the recovered 

GNs/Co-Mn catalyst under the same experimental condition degraded 91% NRC dye. 

Rout et al. [50] synthesized TiO2-supported monometallic Ag, Sn and bimetallic AgSn 

NPs catalysts using sol–gel method and characterized these catalysts through FTIR spectroscopy, 
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UV-visible spectroscopy, XRD, TEM, FE-SEM and EDS with image mapping and BET surface 

area analyzer. Their characterization results confirm that TiO2 supported bimetallic AgSn 

catalyst had the anatase structure, particle size 2.6 nm and having 50 m2/g surface area. All the 

samples were used as photocatalysts for the photo-catalytic degradation of the MB dye under 

visible-light. Their results revealed that the TiO2 supported bimetallic AgSn NPs catalyst has 

significantly enhanced the photo-catalytic activity as compared to individual metal NPs. The 

photodegradation results showed that TiO2 supported AgSn NPs efficiently degraded 97% dye in 

3 h. Reusability study shows that the photocatalyst can be reused up to 5 times with minimal loss 

in activity. The kinetic study confirm that photocatalytic reactions follows a pseudo first-order 

pathway. 

Saeed et al. [51] used CNTs supported TiO2 nanoparticles (TiO2/F-MWNTs) for the 

photocatalytic degradation of the MB dye in an aqueous medium. The morphological study 

showed that TiO2 are present in both dispersed and in the agglomerated form on the surface of F-

MWNTs. The photodegradation study revealed that dye degradation increased with irradiation 

time. According to the degradation results, within 4 h irradiation time 61% and 94% dye 

degradation was observed in the presence of pure TiO2 and TiO2/F-MWNTs. They also studied 

the effect of pH of the media and found that highest degradation of dye (95%) was obtained at 

pH 10. They also found that increasing TiO2 loading on F-MWNTs increases photodegradation 

of MB dye. 

Pradhan et al. [52] reported the in situ loading of monometallic and bimetallic NPs in the 

framework of mesoporous Al2O3–MCM-41 and studied its effect on the photo-Fenton 

degradation of individual dyes and mixed dyes. They prepared nanocomposites by in situ sol–gel 

cum hydrothermal method using oleic acid as a capping agent for the monometallic and also for 
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bimetallic nanoparticles. They characterized the nanocomposites by high and low angle XRD, N2 

sorption and HRTEM to evaluate morphology, mesoporosity and textural properties. The 

mesoporous mono and bimetallic/Al2O3–MCM-41 nanocomposites were used as photocatalysts 

for the photodegradation MB, Congo red (CR) and mixed (MB + CR). Their results showed that 

among the different nanocomposites the mesoporous Co–Fe/Al2O3–MCM-41 nanocomposite 

showed 100% dyes and mixed dyes degradation in 60 min. 

Devi and Singh [53] prepared bimetallic Cu-Zn and Cu-Ni NPs by chemical reduction 

method via green approach using ascorbic acid as a reducing agent. These NPs were 

characterized by SEM, XRD and UV-visible spectrophotometer. The XRD peaks reveals that 

these bimetallic NPs are just not a physical mixture of monometallic NPs, but have alloy nature 

as confirmed from XRD and UV-visible spectra. The average size of particles of Cu, Cu-Zn and 

Cu-Ni are 43.47, 38.4 and 43.5 nm, respectively, calculated from the XRD data using Scherrer’s 

equation. The prepared Cu, Cu-Zn and Cu-Ni NPs were used as a photocatalysts for the 

photocatalytic degradation of the methyl orange (MO) dye. The results revealed that the 

bimetallic NPs have superior catalytic activity than monometallic NPs. They suggested that this 

high catalytic activity of bimetallic NPs might be due to the change of certain electronic 

configuration. 

Devi et al. [54] prepared NiO–Ag bimetallic nanoparticles and its individual 

nanoparticles by green aqueous technique and were characterized by DLS, HRTEM, zeta 

potential, SEM, SAED, IR, XRD, EDAX and UV–Visible spectroscopy. The bimetallic and 

monometallic NPs have a narrow size distribution with a spherical morphology and the average 

diameter of all 3 types NPs are almost equal and their size ranges from 7-10 nm which is 

measured from the HRTEM. The prepared NPs were used as photocatalysts for the 
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photodegradation and for the chemical reduction of the methyl violet (MV) dye at room 

temperature. They performed the photo-degradation reaction of MV dye in an aqueous medium 

at room temperature at pH 6.4. Among the 3 types the NiO–Ag bimetallic NPs exhibits higher 

catalytic potential. 

Alzahrani [55] prepared core-shell Fe3O4/SiO2/TiO2 nanospheres with magnetic cores 

from synthesized magnetic Fe3O4 NPs by using precipitation method. The magnetic Fe3O4 NPs 

was coated with a silica (SiO2) layer, and the obtained Fe3O4/SiO2 nanospheres were finally 

coated with titania (TiO2) layer by using the tetrabutyltitanate (TBT) as a precursor via the sol-

gel process. The Fe3O4/SiO2/TiO2 nanospheres were characterized by instrumental techniques 

like XRD, AFM, SEM, EDAX and FT-IR and were used as a photocatalyst for the 

photodegradation of binary azo dyes, the methyl orange and methylene blue in aqueous media 

under UV-light irradiation. They found that 100% and 90.2% of binary Methylene Blue and 

Methyl Orange were removed in 5 h, respectively. Their results shows that the photocatalytic 

efficiency of Fe3O4/SiO2/TiO2 nanospheres was not decreased after using 5 times as recyclable 

photocatalysts.  

Hai et al. [56] successfully deposited Au–Cu NPs on TiO2 (P25) via deposition–

precipitation method followed by the radiolytic reduction. The deposition method ensured the 

complete adsorption of the Au and Cu ions onto the TiO2 and small Au–Cu NPs that are 

homogeneous in the size were also obtained. They confirmed the alloyed structure of these Au–

Cu NPs by High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM), high resolution transmission electron microscopy (HRTEM), energy dispersive X-ray 

spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) techniques. This Au–Cu NPs 

modified TiO2 was used for the photocatalytic degradation of MO under UV-light irradiation. 
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These bimetallic NPs act as efficient electron (e-) scavengers which increased the photocatalytic 

activity under UV light irradiation. They found that the higher photo-degradation activity was 

achieved with Au–Cu/TiO2 (Au/Cu = 1:3). 

Kerkez and Boz [57] synthesized Ag2O modified TiO2 NPs through precipitation and the 

wet impregnation method and characterized through UV-Vis diffuse reflectance 

spectrophotometry, X-ray diffraction technique, Fourier Transform Infrared (FTIR) spectroscopy 

and inductively coupled plasma mass spectrometry. The Ag2O modified TiO2 NPs was used as a 

photocatalyst for the photocatalytic degradation of the MB dye under the visible-light. They 

obtained maximum photo-degradation of 48.90% with C2-Ag2O-TiO2 with initial MB 

concentration of 5 ppm and 1 g/L photocatalyst loading. 

Avasarala et al. [58] synthesized Mg doped TiO2 with varying Mg weight percentages 

(0.25 - 1.0 wt.%) by using sol-gel method and characterized it by SEM, XRD, XPS, FT-IR and 

UV-Visible spectrophotometer. The prepared samples were used as photocatalysts for the photo-

degradation of MO dye under irradiation of visible-light and found that Mg2+-TiO2 showed better 

activity than undoped TiO2. They studied the effect of several parameters on dye 

photodegradation such as pH, dopant concentration, pollutant concentrations and catalyst dosage 

to obtain optimized photodegradation conditions. The optimum conditions found were acidic pH 

range (pH = 3 and 6), 1.0 wt.% dopant concentration, 10 mg/L initial dye concentration and 0.7 g 

of catalyst dosage. 

Viet et al. [27] prepared SnO2 NPs by hydrothermal method at low temperature using tin 

chloride, hydrazine hydrate and sodium hydroxide, and were characterize by TEM, XRD and 

UV-Vis spectroscopy. They found that the synthesized NPs are in the size of 3 nm and have high 
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photocatalytic activity against MB dye photodegradation. Their results show that SnO2 NPs 

degraded 88.88% MB dye after 30 min of UV-light illumination and reached up to 90.0% for 

120 minutes of UV illumination. They degraded 79.26% methylene blue dye under assisted 

sunlight illumination after 90 min. 
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CHAPTER 2                     EXPERIMENTAL WORK 

2.1 Chemicals 

The MWCNTs were supplied by the Nanomirea, prepared by thermal chemical vapor deposition 

method. The length and diameter of the MWCNTs were 30–40 μm and 20–40 nm respectively, 

having purity higher than 95%. ZnCl2.3H2O, MnCl2.2H2O, FeCl3.6H2O, CuCl2.2H2O, TiCl2.2H2O 

and CoCl2.6H2O were purchased from Scharlau Company while AgNO3, NaOH, HNO3, HCl and 

H2SO4 were supplied by BDH and Riedel-de Haen, respectively. Malachite green, Methylene blue, 

Alizarin red, Congo red and Rhodamin-B were purchased from the Merck. 

2.2 Instrumentation 

The morphological study of A-MWCNTs supported and unsupported bimetallic oxides 

NPs were carried out by using JEOL, JSM-5910 scanning electron microscopy (SEM). The 

elemental composition analysis of A-MWCNTs supported and unsupported bimetallic oxides 

NPs were performed by EDX (Model INCA 200/Oxford Instruments, UK, company Oxford), 

while XRD analysis was carried out by XRD Model JEOL-300. The photo-degradation study of 

malachite green, Methylene blue, Alizarin red, Congo red and Rhodamin B in aqueous medium 

was carried out by UV-Visible spectrophotometer (Model UV-1800, Shimadzu, Japan). 

2.3 Activation/Functionalization of MWCNTs 

MWCNTs were activated/functionalized by treating it with a mixture of HNO3 and 

H2SO4. 100 mL HNO3 (6 M), 100 mL H2SO4 (6 M) and 1g MWNTs was taken in a flask and 

sonicated for 30 min. The obtained mixture was refluxed at 170 oC for 6 h and then cooled. The 

acid treated MWCNTs were separated by filtration and washed several times with distilled water 

for the removal of unreacted acids. The A-MWCNTs were dried in oven at 110°C and stored. 
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2.4 Preparation of A-MWCNTs/Mn-Zn oxides nanoparticles  

100 mL ZnCl2 (0.1M), 100 mL MnCl2.2H2O (0.1M) solutions and 0.5g of A-MWCNTs 

were taken in round bottom flask  and NaOH (0.2M) solution was added drop wise to the 

mixture at constant stirring until basic pH 10 was obtained. The mixture was heated to 60oC for 2 

h with continuous stirring. Zinc and manganese chloride changed into Zn-Mn oxides 

nanoparticles. The Zn-Mn oxides nanoparticles deposited on the A-MWCNTs. The mixture was 

cooled, the Zn-Mn oxides nanoparticles deposited on A-MWCNTs were filtered and washed 

with distilled water several times for the removal of unreacted chemicals. The A-MWCNTs/Mn-

Zn oxides NPs were dried and stored. The same procedure was used for the preparation of Mn-

Zn oxides NPs except adding A-MWCNTs. 

2.4.1 Photodegradation of Malachite Green dye using A-MWCNTs/Mn-Zn oxides and pure 

Mn-Zn oxides NPs 

The prepared pure Zn-Mn oxides and the A-MWCNTs/Mn-Zn oxides NPs were used as 

photocatalysts for the photocatalytic degradation of malachite green (MG) under UV-light 

irradiation (254 nm, 15 W). 25ppm solution of malachite green dye was prepared. 0.02 g of A-

MCWNTs/Mn-Zn oxides NPs and 0.0135 g of Mn-Zn oxides NPs were added separately to 10 

mL of malachite green dye solutions in 50 mL beakers. The samples were placed in dark for 20 

min to attain adsorption-desorption equilibrium. The mixture was then placed under UV-light and 

stirred with constant stirring for different irradiation time periods. After UV-irradiation, the NPs 

catalyst was separated out from the dye solution by centrifugation process. The photo-degradation 

study of MG dye was monitored by using UV-Visible spectrophotometer. The effect of recovered 

and re-recovered catalyst, catalyst dosage, dye concentration and pH of the media on the 
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photodegradation of malachite green was also studied. In dye concentration study, different 

solutions (12.5, 25 and 50 ppm) were prepared and studied under the same experimental 

conditions keeping other parameters constant. Different solutions having pH 5, 7 and 9 were 

prepared and effect of pH was studied on photodegradation of the dye. Acidic solution was 

prepared by adding drop wise HNO3 (0.1M) solution while basic solution was prepared by the 

drop wise adding of NaOH (0.1M) solution to distilled water and then dye solutions were 

prepared in the media. 

In order to study the efficiency of the recovered and re-recovered photocatalysts, the recovered 

and re-recovered catalysts were washed with excess of distilled water for the removal of any 

adsorbed dye molecules. The recovered and re-recovered catalysts were then oven dried at about 

100 oC and used for dye degradation under the same experimental conditions as a function of 

time. In the catalyst dosage study, different amounts of catalyst were taken keeping other 

parameters constant such as irradiation time and dye concentration and its effect on 

photodegradation was studied. 

2.5 Synthesis of A-MWCNTs/Fe-Mn oxides NPs  

100 mL of FeCl3.6H2O (0.1M), 100 mL of MnCl2.2H2O (0.1M) solutions and 1g of A-MWCNTs 

were taken in a round bottom flask, and sodium hydroxide solution (0.2 M) was added drop wise 

to the mixture of metal salts at constant stirring until basic pH was obtained. The mixture was 

then heated to 60oC for 2 h with continuous stirring. The mixture was cooled and then filtered to 

get the A-MWCNTs/Fe-Mn oxides NPs. The filtered NPs were washed with distilled water 

several times then dried and stored. The same procedure was used for the preparation of Fe-Mn 

oxides NPs except adding A-MWCNTs. 
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2.5.1 Photodegradation of Methylene Blue dye using A-MWCNTs/Fe-Mn oxides and Fe-

Mn oxides NPs 

The prepared A-MWCNTs/Fe-Mn oxides NPs and Fe-Mn oxides NPs were used as 

photocatalysts for the photo-degradation of the MB dye under UV-light irradiation as a function 

of several parameters. In time study, 0.0156 g A-MWCNTs/Fe-Mn oxides and 0.0135 g of Fe-

Mn oxides NPs photocatalysts were added to 10 mL of MB (50 ppm) solutions in 50 mL beakers 

separately. The samples were placed in dark for 20 min to attain adsorption-desorption 

equilibrium. The solution mixture was then placed under UV-light and stirred with constant stirring 

for different irradiation time periods. The catalyst was separated out from the solution of dye by 

centrifugation process. The efficiency of recovered and re-recovered catalyst, effect of catalyst 

dosage, dye concentration and pH on the photo-degradation of MB was also studied in the same 

way as discussed above. 

2.6 Synthesis of A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs 

100 mL of 0.1 M concentration from both CuCl2.2H2O and TiCl2.2H2O solutions and 1g of A-

MWCNTs were taken in a conical flask and basified by drop wise addition of NaOH (1M) 

solution until pH reached to 10 with constant stirring. The mixture was then refluxed at 70 oC for 

2 h with constant stirring for better dispersion of NPs on A-MWNTs surface. The final mixture 

obtained was cooled and filtered, were washed with distilled water and then dried to get the A-

MWCNTs/Cu-Ti oxides NPs. Similar experimental conditions were used for the synthesis of Cu-

Ti oxides NPs without addition of A-MWCNTs.  
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2.6.1 Photodegradation of Alizarin Red dye using A-MWCNTs/Cu-Ti oxides and Cu-Ti 

oxides NPs 

The photocatalytic activity of synthesized A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs 

were studied by using these as photocatalysts against alizarin red (AR) dye. In the time study, 

0.02 g of A-MCWNTs/Cu-Ti oxides NPs and 0.01 g of Cu-Ti oxides NPs were added separately 

to 10 mL of AR dye (200 ppm) in 50 mL beakers. The samples were placed in dark for 30 min to 

attain the adsorption-desorption equilibrium. The solution mixture was then kept under UV-light 

irradiation with constant stirring for different irradiation time intervals. After specific time of 

UV-irradiation, the A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs were separated from the 

AR dye solution via centrifugation. The dye degradation study was monitored by UV–Visible 

spectrophotometer. The efficiency of recovered catalyst, catalyst dosage, dye concentration and 

pH on the photodegradation of AR was also studied using the same experimental conditions. 

2.7 Synthesis of A-MWCNTs/Ag-Co oxides and Ag-Co oxides NPs 

100 mL solution of AgNO3 (0.1M), 100 mL solution of CoCl2.6H2O (0.1M), and 1g of A-

MWCNTs were taken in a conical flask and stirred with constantly. The reaction mixture was 

basified by adding 1M NaOH solution drop wise with constant stirring until pH reached to 10. 

The mixture was then refluxed at 70oC for 2 h with constant stirring for better dispersion of 

nanotubes and for better deposition of Ag-Co oxides NPs on the surface of A-MWCNTs. The 

final mixture obtained was then cooled and filtered to get the A-MWCNTs/Ag-Co oxides NPs. 

The NPs were then washed with distilled water and dried in oven. The same procedure was used 

for the preparation of Ag-Co oxides NPs except adding A-MWCNTs. 
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2.7.1 Photodegradation of Congo Red dye using A-MWCNTs/Ag-Co oxides and Ag-Co 

oxides NPs  

The photocatalytic activity of the prepared A-MWCNTs/Ag-Co oxides and Ag-Co oxides NPs 

was carried out by using these as photocatalysts against Congo Red (CR) dye. In the time study, 

0.02 g of A-MWCNTs/Ag-Co oxides NPs and 0.01 g of Ag-Co oxides NPs were added 

separately to 10 mL of CR dye (80 ppm) in 50 mL beakers. The samples were placed in dark for 

30 min for establishing adsorption-desorption equilibrium. The solution mixture was then kept 

under UV-light irradiation with constant stirring for different irradiation time periods. After 

specific time of UV-irradiation, the photo-catalyst was separated out from the AR dye solution 

by centrifugation. The photodegradation study of the dye was monitored by UV–Visible 

spectrophotometer. The effect of recovered catalyst, catalyst dosage, dye concentration and pH 

of the media on the photocatalytic degradation of CR dye was also evaluated. 

2.8 Synthesis of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs 

100 mL of 0.1M concentration from both CoCl2.6H2O and TiCl2.2H2O solutions and 1g of A-

MWCNTs were taken in conical flask and basified by drop wise addition of NaOH solution (1M) 

until pH 10 was reached with constant stirring. The mixture was then refluxed at 70oC for 2 h 

with continuous stirring for better deposition of NPs on A-MWCNTs surface. The final mixture 

was cooled and filtered to get the A-MWNTs/Co-Ti oxides NPs. The NPs were washed, dried 

and stored. The same procedure was used for the preparation of Co-Ti oxides NPs except adding 

A-MWCNTs. 
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2.8.1 Photodegradation of Rhodamine-B dye using A-MWCNTs/Co-Ti oxides and Co-Ti 

oxides NPs 

The photocatalytic activity of the prepared A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs 

were studied by using these as photocatalysts against Rhodamine-B (RB) dye. In the time study, 

0.02 g of A-MWCNTs/Co-Ti oxides NPs and 0.01 g of Co-Ti oxides NPs were added separately 

to 10 mL of RB dye (20 ppm) in 50 mL beakers. The samples were placed in dark for 30 min in 

order to attain adsorption-desorption equilibrium. The solution mixtures were then kept under 

UV-light with constant stirring for various irradiation time durations. The photocatalysts were 

separated out from the RB dye solution by using centrifugation. The photodegradation study of 

the dye was monitored by using UV–Visible spectrophotometer. The effect of recovered catalyst, 

catalyst dosage, dye concentration and pH of the media on the photodegradation of RB was also 

studied. 

2.9 UV-Vis Analysis 

The photo-degradation studies of all the dyes were carried out by using UV-Vis 

spectrophotometer. The % degradation of dyes was calculated by using the following formula. 

Degradation rate (%) = × 100 

Degradation rate (%) = × 100 

Where Co stands for initial dye concentration, C for the concentration of dye after UV-light 

irradiation, while Ao shows initial absorbance, while A is the dye absorbance after UV-light 

irradiation. 
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CHAPTER 3                     RESULTS AND DISCUSSION  

3.1 A-MWCNTs/Mn-Zn oxides and Mn-Zn oxides NPs 

3.1.1 Scanning electron microscopic study 

Figure 3.1.1(a) represents the SEM micrographs of pure Zn-Mn oxides while figure 3.1.1 (b) 

represents the SEM micrographs of A-MWCNTs/Zn-Mn oxides nanoparticles at 10000 

magnification. Figure 3.1.1 (a) shows the morphological features of the pure Zn-Mn oxides NPs. 

The NPs are mostly in spherical shape. There is uniform and homogeneous distribution of the 

NPs throughout. The aggregates, agglomerates and clusters of NPs are clearly visible. In the 

figure 3.1.1 (b) the MWCNTs are clearly visible. The spherical shaped Zn-Mn oxides NPs can be 

seen in the dispersed and agglomerated form on the surface of MWCNTs. there is thick 

deposition of the NPs on the MWCNTs. 

 

 

Figure 3.1.1: SEM images of (a) Mn-Zn oxides NPs and (b) A-MWCNTs/Mn-Zn oxides NPs. 
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3.1.2 Energy dispersive X-rays spectrophotometric study 

Figure 3.1.2 (a) represent the EDX profiles of the pure Zn-Mn oxides and figure 3.1.2 (b) shows 

the EDX spectrum of A-MWCNTs/Zn-Mn oxides nanoparticles. In the figure 3.1.2 (a) long 

peaks for Zn, Mn and oxygen are present. The presence of oxygen confirms that the Zn and Mn 

NPs are in the oxide form. The Oxygen peaks may also indicate the COOH group of the 

MWCNTs which has been generated during acid treatment. In the figure 1.3.2 (b) shorter peaks 

for Zn, Mn and oxygen and longer peak for Carbon are present. The longer peaks of Carbon are 

for MWCNTs while the short peaks of Zn and Mn represent the deposited Zn and Mn oxides 

NPs on A-MWCNTs. 
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Figure 3.1.2: EDX spectra of (a) Mn-Zn oxides NPs and (b) A-MWCNTs/Mn-Zn oxides NPs. 

3.1.3. XRD study 

Figure 3.1.3 shows X-Ray Diffraction (XRD) patterns of the Mn-Zn oxides NPs and A-

MWNTs/Mn-Zn oxides NPs. The long peaks located at 36o and small peaks appeared at 34o and 

48.5o represent the hexagonal wurtzite phase of ZnO [59]. The peaks at 23o, 33o and 66o confirm 
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the presence of crystalline MnO2 NPs [60]. The peaks at 44.5o and 60o show tetragonal Mn3O4 

[61]. 

 

Figure 3.1.3: XRD spectra of Mn-Zn oxides NPs and A-MWCNTs/Mn-Zn oxides NPs. 

3.1.4 Photocatalytic degradation study of malachite green dye 

The photocatalytic activity of synthesized A-MWCNTs/Mn-Zn oxides and Mn-Zn oxides NPs 

were studied by catalytically degrading the malachite green dye in an aqueous media under UV 

irradiation. Figures 3.1.4a and 3.1.4b shows the UV-Visible spectra of malachite green in an 

aqueous solution degraded by A-MWCNTs/Mn-Zn oxides and Mn-Zn oxides NPs. The photo-

degradation of MG was measured from the relative intensity of the UV-Vis spectral peak of the 

MG, which gave peak of maximum absorbance at 617 nm. The spectra reveal that the 

photodegradation of malachite green increases gradually with increasing irradiation time. First 

the degradation rate is rapid and it decreases slowly and gradually. Figure 3.1.5a shows the 
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comparison of the % degradation of MG dye photodegraded by supported and the unsupported 

photocatalysts. The A-MWCNTs supported bimetallic oxides photocatalyst degraded 96.49% of 

dye within 2 h while unsupported bimetallic oxides photocatalyst degraded 93.38% of the dye 

within the same time. It is clear that the A-MWCNTs/Zn-Mn photocatalyst degraded more dye 

compared to the unsupported bimetallic oxides photocatalyst (Figure 3.1.5a). This is due to the 

fact that the catalyst is present in the well dispersed form on the surface of A-MWCNTs while 

the unsupported catalyst is in agglomerated form. Figure 3.1.5b shows a plot of Co/C versus the 

UV-irradiation time, which shows linear relationship. The plot (Figure 3.1.5b) is the kinetic 

study of the photodegradation reactions by supported and unsupported photocatalysts. The linear 

relation and calculated results indicate that the photodegradation of dye obey pseudo-first order 

kinetics [62]. The values of correlation coefficients (R2) are shown in the figure 3.1.5 b. 

 

Figure 3.1.4: UV-Vis spectra of malachite green dye (25 ppm, 10 mL, pH 7) photodegraded by 

(a) 0.02 g of A-MWCNTs/Mn-Zn oxides NPs and (b) 0.0135 g of Mn-Zn oxides NPs.  
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Figure 3.1.5: (a) Comparison of %degradation of malachite green dye (25 ppm, 10 mL, pH 7) by 

0.0135 g of supported and 0.02 g of unsupported Mn-Zn oxides NPs and (b) Kinetic study. 

3.1.5 Photocatalytic activity of the recovered and re-recovered A-MWCNTs/Mn-Zn oxides 

The photocatalytic activity of recovered and re-recovered A-MWCNTs/Mn-Zn oxides 

photocatalyst was studied under the same experimental conditions. The recovered and re-

recovered photocatalyst was washed many times with deionized water for the removal of 

adsorbed dye. The recovered and re-recovered photo-catalyst also degraded significant amount 

of MG dye but show less activity compared to the fresh photocatalyst. The decrease in the 

catalytic activity of recovered and re-recovered photocatalyst might be due to the blockage of 

active sites of photocatalysts. This deactivation may be due to the deposition of photo insensitive 

hydroxides [63]. Figure 3.1.6a shows the percent degradation of malachite green dye by original, 

recovered and re-recovered photocatalyst by A-MWCNTs/Mn-Zn oxides. The results show that 

the original catalyst degraded 96.5% dye, recovered catalyst degraded 66.5% and recovered 

catalyst degraded 41% within 2 h. Figure 3.1.6b shows the kinetic study of the photodegradation 

reactions by original recovered and re-recovered A-MWCNTs/Mn-Zn oxides photocatalysts. 
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Figure 3.1.6: (a) % degradation of malachite green dye (25 ppm, 10 mL, pH 7) by 0.02g of each 

original, recovered and re-recovered A-MWCNTs/Mn-Zn oxides NPs and (b) Kinetic study. 

3.1.6 Effect of the catalyst dosage on the photo degradation  

The effect of catalyst dosage on the photo-degradation rate of malachite green dye was studied 

by using different amounts of the catalyst starting from 0.0005 g to a maximum of 0.0435 g per 

10 mL dye solution at constant time (1 h). Figure 1.3.7a show the UV-Visible spectra of MG in 

aqueous media by using different amounts of photocatalyst. It was found that the photo-

degradation rate of malachite green initially increases rapidly and then slow down gradually and 

finally remains almost constant (figure 3.1.7b).  It is clear from the figure that dye photo-

degradation rate is faster for catalyst dose of 0.0135 g than higher doses. This phenomenon 

might be due to aggregation/agglomeration of the catalyst particles which decreases the surface 

active sites. The result showed that 0.0005 g photocatalyst degraded 15.53% dye,  0.0135 g 

degraded 63.95% dye and then gradually minute increased occurred with increasing dosage and 

0.0435 g degraded 76.04% of dye under 1 h irradiation  
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time.

 

Figure 3.1.7: (a) UV-Vis spectra of malachite green dye (25 ppm, 10 mL, pH 7) phodegraded by 

different amounts of A- MWCNTs/Mn-Zn oxides NPs at 120 min and (b) %degradation of the 

dye by different amounts of the photocatalyst at120 min. 

3.1.7 Effect of the dye concentration on the photocatalytic degradation 

The effect of concentration of dye on the photocatalytic degradation at constant amount of 

catalyst was investigated and it was concluded that degradation rate decreases by increasing the 

dye concentration. Figure 3.1.8 shows that the photo-degradation of the MG dye decreases by 

increasing the dye concentration. The percent degradation was 88.41%, 80.95% and 55.43% for 

12.5, 25 and 50 ppm dye solution receptively, by A-MWCNTs/Zn-Mn oxides NPs within 45 

min. Similarly, the pure Mn-Zn oxides catalyst degraded 51.92%, 47.06% and 43.6% of the 12.5, 

25 and 50 ppm dye solution, respectively, under the same experimental conditions. According to 

the Beer–Lambert law, the high dye concentration decreases the path length of the entering 

photons, which results in lower photon adsorption on the catalyst surface and consequently, low 

photodegradation occurs [64]. 
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Figure 3.1.8: %degradation of MG dye (10 mL, pH 7) at various initial dye concentrations using 

0.02g of A-MWCNTs/Mn-Zn oxides NPs at 120 min. 

3.1.8 Effect of pH on the photodegradation 

The effluents from different industries such as dyes, paints, textiles, etc. are discharged at 

different pH, and therefore it is also essential to study the effect of pH on photo-degradation of 

the dyes. The pH not only plays a major role in the photo-degradation of the textile wastes and 

hydroxyl radical’s generation but it also affects the charge on the photo-catalyst, and the 

positions of the conductance band and valence band [65, 66]. Zinc oxide and Manganese oxide is 

amphoteric in aqueous solution [67]. The surface of the metal oxide catalyst is predominantly 

negatively charged at higher pH. At lower pH, the functional groups are protonated and increase 

the proportion of positively charged surface and thus the surface electrical property of metal 

oxide catalyst varies with the pH of dispersion. The surface of metal oxide catalyst when 
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negatively charged will easily adsorb the cationic species while in the reverse condition the 

surface would adsorb the anionic species. However, the substrate adsorption onto the catalyst 

surface affects directly the transfer of electron between the excited molecule of dye and the 

catalyst, and influences the photo-degradation rate. Similar pH effect on the adsorption and 

photo-catalytic reaction has also been reported for the Ag deposition [68] and also for the formic 

acid degradation [69]. The photo-degradation rate of malachite green dye as a function of pH is 

represented in the figure 3.1.9. Figure 3.1.9 shows that the % degradation of malachite green 

(time 90 min) is 93% at pH 9 by supported photocatalyst, while unsupported photocatalyst 

degraded 74.24% of the dye. The results indicate that with increase in pH of the medium 

photocatalytic degradation of the dye increases. In acidic conditions, it is difficult for the cationic 

malachite green dye to adsorb onto the catalyst surface. Usually with low concentrations of the 

active radicals •OH, the rate of photodegradation of malachite green remained very slow. 

However, at higher pH the formation of the active •OH radical increases, which not only improve 

the transfer of the holes to the adsorbed hydroxyls, but also to the electrostatic abstractive effects 

between the negatively charged catalyst particles and the operating cationic dyes. Although, 

malachite green dye can adsorb onto the catalyst surface up to some extent in the basic media 

[70]. Our results indicate that the surface of the catalyst is negatively charged, and the malachite 

green dye adsorbed on the catalyst surface through their positive ammonium groups [71]. 

Similarly, Kansal et al [72] used TiO2 catalyst and ZnO as photocatalysts for the degradation of 

the Reactive Black 5 dye and Reactive Orange 4 dye and they also reported that the dyes 

degradation increases as the solution pH increases. 
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Figure 3.1.9: %degradation of malachite green dye (25 ppm, 10 mL) at various pH by 0.02 g of 

A-MWCNTs/Mn-Zn oxides and 0.0135 g of Mn-Zn oxides photocatalysts at 120 min. 
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3.2 A-MWCNTs/Fe-Mn oxides and Fe-Mn oxides NPs 

3.2.1 SEM and EDX study 

Figure 3.2.1 shows SEM images of Supported and unsupported bimetallic Fe-Mn oxides 

nanoparticles. Figure 3.2.1a shows the SEM images of A-MWCNTs supported Fe-Mn oxides 

nanoparticles. It is clear from the SEM profile that the bimetallic oxides nanoparticles are well 

dispersed on the surface of A-MWCNTs. The surface of MWCNTS is fully covered by the 

nanoparticles. The unsupported bimetallic oxides nanoparticles are mostly in spherical, round 

and agglomerated form (figure 3.2.1b).  

 

Figure 3.2.1: SEM images of (a) A-MWCNTs/Fe-Mn oxides and (b) Fe-Mn oxides NPs. 

The formation of Fe-Mn oxides nanoparticles was also confirmed by their EDX spectrum. Figure 

3.2.2a and 3.2.2b shows the EDX spectrum of supported and unsupported bimetallic oxides 

nanoparticles respectively. In the figure 3.2.2a the long peaks for Carbon represents the Carbon 

of the MWCNTs. The presence of oxygen peaks in the both figures confirms that the Fe and Mn 

nanoparticles are in the oxide form. The Oxygen peaks may also indicate the COOH group of the 

MWCNTs which has been generated during acid treatment. 
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Figure 3.2.2: EDX spectra of (a) A-MWCNTs/Fe-Mn oxides and (b) Fe-Mn oxides NPs. 

3.2.2 Photocatalytic degradation study of Methylene blue dye 

The synthesized A-MWNTs/Fe-Mn oxides NPs and pure Fe-Mn oxides NPs photocatalysts were 

used as catalysts for the photodegradation of methylene blue (MB) dye in aqueous media. Figure 
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3.2.3a and 3.2.3b shows the UV-Visible spectra of MB photodegraded by A-MWNTs/Fe-Mn 

oxides and Fe-Mn oxides NPs, respectively. The photocatalytic degradation of MB dye was 

measured from the relative intensity of its UV-Visible spectra (give peak of maximum 

absorbance at 650 nm). The UV-spectra of the MB dye shows that the photodegradation of MB 

gradually increases with increase in the irradiation time. Figure 3.2.3c shows the comparison of 

% degradation of MB dye photodegraded by supported and unsupported photocatalysts. The A-

MWNTs/Fe-Mn oxides NPs degraded 70% dye within 2 h while pure Fe-Mn oxides NPs 

photocatalyst degraded 65.5% of the dye within the same period of time. At optimum time of 12 

h, carbon nanotubes supported NPs and unsupported NPs degraded 93.7% and 92.8% dye, 

respectively. It was concluded from figures 3.2.3 that A-MWCNTs supported NPs degraded 

more dye than unsupported NPs, which might be due to the fact that the catalyst is present in 

well dispersed form on the surface of A-MWCNTs. 
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Figure 3.2.3: UV-Vis spectra of MB dye (50 ppm, 10 mL, pH 7) by (a) 0.015 g of A- 

MWCNTs/Fe-Mn oxides NPs, (b) 0.0135 g of Fe-Mn oxides NPs and (c) Comparison of 

%degradations. 

3.2.3 Photodegradation efficiency of the recovered and re-recovered catalyst  

The effect of recovered and re-recovered catalysts on the same dye degradation was studied. The 

catalyst was recovered from the dye solution by centrifugation. It was washed many times with 

deionized water to remove the adsorbed dye and was dried. It was used for the degradation of the 

dye. Figure 3.2.4a shows the comparison of the % degradation of MB dye photodegraded by the 

original, recovered and re-recovered A-MWNTs/Fe-Mn oxides photocatalysts. Figure 3.2.4a 

illustrate that A-MWNTs/Fe-Mn oxides original, recovered and re-recovered degraded 93.7%, 
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93.3% and 86.6% dye respectively. Similarly, figure 3.2.4b shows the comparison of 

%degradation of dye photodegraded by using pure recovered and re-recovered unsupported Fe-

Mn oxides NPs. The results revealed that the original, recovered and re-recovered photocatalyst 

degraded 92.8%, 88.4% and 85.5% dye respectively within 12 h irradiation time. It is concluded 

from the figures (3.2.4 a, b) that the recovered photocatalysts also degraded dye significantly but 

show less photocatalytic activity by comparing with the activity of original photocatalyst. Such 

decrease in the photo-catalytic activity of the recycled/recovered photocatalyst might be 

attributed to the deposition of photo sensitive hydroxides on the surface of photocatalysts, which 

block its surface active sites [63]. 

 

Figure 3.2.4: Comparison of %degradation of MB dye (50 ppm, 10 mL, pH 7) by original, 

recovered and re-recovered (a) 0.015 g of A-MWCNTs/Fe-Mn oxides and (b) 0.0135 g of Fe-Mn 

oxides NPs. 

3.2.4 Effect of pH on the photodegradation 

pH of the medium play a vital role in the photodegradation of dye because it play a significant 

role in the production of hydroxyl radicals and release of protons [37]. Different industries such 
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as dyes, paint, textile, and surface coating industry etc. discharge their effluents at different pH 

levels, so pH effect is significant to be studied [34]. The pH effect on photo-degradation of MB 

is given in the figure 3.2.5. Figure 3.2.5a and 3.2.5b represents the UV-Vis spectra of MB in 

aqueous media photo-degraded by A-MWCNTs/Fe-Mn oxides NPs and Fe-Mn oxides NPs 

respectively. Figure 3.2.5c shows % degradation of MB photodegraded by A-MWCNTs/Fe-Mn 

oxides and Fe-Mn oxides NPs. Figures 3.2.5 confirm that dye degradation increases with 

increasing pH of the medium. The results revealed that at pH 4, only 77.2% of dye degraded. 

While increasing pH, photodegradation gradually increases and at pH 10, 95% degradation 

occurred within 8 h irradiation time using A-MWCNTs/Fe-Mn oxides. Similarly, Fe-Mn oxides 

NPs degraded 41.7% at pH 4 and 92.9% at pH 10 within 8 hr. The higher photodegradation rate 

in the alkaline media may be due to the frequent generation of the hydroxyl radicals (.OH), 

strong oxidizing specie responsible for the higher photodegradation [30]. Saeed et al. [34, 51] 

also reported high photodegradation rate of MB dye in the alkaline medium. 
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Figure 3.2.5: UV-Vis spectra of the MB dye (50 ppm, 10 mL) at different pH in the presence of 

(a) 0.015 g of A- MWCNTs/Fe-Mn oxides, (b) 0.0135 g of Fe-Mn oxides NPs at 12 h and (c) 

%degradation comparison. 

3.2.5 Effect of the catalyst amount on the photodegradation 

The effect of the photo-catalyst dosage on the MB dye photodegradation was evaluated by 

employing different amounts of the catalyst varying from 0.007 to 0.021g per 10 mL dye 

solution at constant time (1 h). Figure 3.2.6a and 3.2.6b represents the UV-Visible spectra of the 

MB dye photodegraded by different amounts of A-MWCNTs/Fe-Mn and pure Fe-Mn catalysts, 

which illustrate that the photodegradation increases slowly with increasing the quantity of 
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catalyst. Figure 3.2.6c shows the comparison of % degradation of MB dye by supported and 

unsupported photocatalysts. Figure 3.2.6c shows that 0.007g of both supported and unsupported 

catalysts degraded 79.2% and 62.2% dye, respectively. However, with increasing the catalyst 

amount a gradual increase in decolorization was observed and by using 0.021g of A-

MWCNTs/Fe-Mn oxides and Fe-Mn oxides NPs degraded 86.7% and 84.4% within 1 hr. 

 

Figure 3.2.6: UV-Vis spectra of MB dye (50 ppm, 10 mL, pH 7) photodegraded by different 

amounts of (a) A-MWCNTs/Fe-Mn oxides, (b) Fe-Mn oxides NPs at 12 h and (c) Comparison of 

the %degradation. 
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3.2.6 Effect of the dye concentration on the photodegradation 

The effect of the initial concentration of MB dye on the photo-degradation efficiency was 

monitored by studying the photocatalysis process at various dye concentrations (20, 30, 40, 50, 

60 and 70 ppm). Figure 3.2.7 shows the %degradation of the MB dye at various dye 

concentrations using constant catalyst dosage and irradiation time. The degradation decreased 

with increase in the dye concentration. At higher concentration, the dye molecules get adsorb on 

the surface of photo-catalyst, which absorb major portion of the UV-light compared to bimetallic 

oxides nanoparticles. The increasing dye concentration also decreasing the formation of the 

hydroxyl radicals (.OH) as active sites of the photocatalyst are occupied by the dye molecules 

[28]. The results shows that supported and unsupported bimetallic oxides NPs degraded 90% and 

85% of the 20 ppm dye solution. The degradation of MB dye decreases by increasing the 

concentration of the dye and increasing dye concentration upto 70 ppm supported photocatalysts 

degraded 39% dye while unsupported degraded 36% dye. 
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Figure 3.2.7: Comparison of % degradation of the MB dye (10 mL, pH 7) by 0.015g of A-

MWCNTs/Fe-Mn oxides and 0.0135 g of Fe-Mn oxides NPs at different concentrations at 12 h. 
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3.3 A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs 

3.3.1 SEM and EDX study 

The SEM images of A-MWNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs are shown in figure 

3.3.1a and b, respectively. Figure 3.3.1a show thick deposition of Cu-Ti oxides NPs on the 

surface of A-MWCNTs. Whole of the surface of MWCNTs is fully covered with Cu and Ti 

oxides nanoparticles. Figure 3.3.1b shows the SEM micrographs of the pure Cu and Ti oxides 

NPs. The NPs are present in sheets, plates, rods and irregular shapes in both spherical and needle 

forms. The supported and unsupported Cu-Ti NPs are in the oxides form as confirmed from EDX 

profiles. 

 

Figure 3.3.1: SEM images of (a) A-MWCNTs/Cu-Ti oxides NPs and (b) Cu-Ti oxides NPs. 

Figure 3.3.2a and 3.3.2b show the EDX profiles of A-MWCNTs/Cu-Ti oxides NPs and Cu-Ti 

oxides NPs, respectively. The EDX spectra show that Cu, Ti and C are present in large quantity. 

The presence of oxygen peaks in the figure confirms that the NPs are in the oxides form. The 

presence of oxygen peaks in the figure may also confirm the carboxylic functional group 
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introduced to the MWCNTs during acid treatment. Quantitative analysis of the photocatalysts in 

tabulated form is given in the spectra. 

 

Figure 3.3.2: EDX spectra of (a) A-MWNTs/Cu-Ti oxides NPs and (b) Cu-Ti oxides NPs. 
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3.3.2 XRD Analysis 

Figure 3.3.3a and b shows the XRD patterns of the A-MWNTs/Cu-Ti oxides NPs and Cu-Ti 

oxides NPs, respectively. The characteristics peaks appeared at 2𝜃 = 25o and 48o shows the 

anatase phase of TiO2 NPs, clarifying the absence of brookite and rutile phase of titania [73]. In 

the XRD spectrum peaks are also present at 2𝜃 =35o and 54o, which represent that the copper 

nanoparticles has been successfully formed [74, 76]. 

 

Figure 3.3.3: XRD pattern of (a) A-MWNTs/Cu-Ti oxides NPs and (b) Cu-Ti oxides NPs. 

3.3.3. Photocatalytic degradation study of Alizarin red dye 

The photocatalytic activity of A-MWNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs were 

evaluated by using these as photocatalysts for the photo-catalytically degrading Alizarin red 

(AR) dye under UV-light irradiation. Figure 3.3.4a and b represent the UV-Visible spectra of AR 

dye in an aqueous media photo degraded by A-MWCNTs/Cu-Ti oxides NPs and Cu-Ti oxides 

NPs as catalysts. The photo-degradation of AR was measured from the relative intensity of its 

UV-Vis spectra, which give peak having maximum absorbance at 424 nm. The UV-Vis spectra 

show that the dye photo degradation increases with irradiation time. Figure 3.3.5a shows the % 

degradation of AR dye photodegraded by supported and unsupported photocatalysts. It was 
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found that A-MWCNTs/Cu-Ti oxides NPs degraded 22.75% dye in 30 min which increases upto 

92.51% by increasing irradiation time to 180 min. Similarly, within 30 min irradiation time the 

Cu-Ti oxides NPs degraded 18.72% dye, while increasing irradiation time to 180 min, dye 

degradation increases upto 91.08%. Figure 3.3.5b shows a plot of lnCo/C versus the irradiation 

time, representing a linear relationship, indicating pseudo-first-order kinetics. The values of 

correlation coefficient (R2) are also shown in the figure 3.3.5b. 

 

Figure 3.3.4: UV-Visible spectra of AR dye (200 ppm, 10 mL, pH 7) photodergaded by (a) 0.02 

g of A-MWNTs/Cu-Ti oxides NPs and (b) 0.01 g of Cu-Ti oxides NPs. 
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Figure 3.3.5: Comparison of % degradation of AR dye (200 ppm, 10 mL, pH 7) by (a) 0.02 g of 

A-MWNTs/Cu-Ti oxides NPs and 0.01 g of Cu-Ti oxides NPs and (b) Kinetic study. 

3.3.4. Photocatalytic activity of the recovered catalyst 

The catalytic activity of the recovered catalyst was studied under the same experimental 

conditions. Figure 3.3.6a and b shows the %degradation of AR dye by the original and recovered 

A-MCWNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs, respectively. The results reveales that 

original A-MWCNTs/Cu-Ti oxides NPs degraded 92.51% dye within 180 min irradiation time 

while the recovered A-MWCNTs/Cu-Ti oxides NPs degraded 58.18% dye within the same 

irradiation time. Similarly, the original unsupported Cu-Ti oxides NPs degraded 91.08% of the 

dye within 180 min while the recovered catalyst degraded 51.82% of the dye.  The result shows 

that the recycled/recovered photocatalysts show less photocatalytic activity compared to the 

original catalyst, which might be due to the deposition of the photosensitive hydroxides on the 

photo-catalysts surface which block its active sites [63, 77]. 
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Figure 3.3.6: Comparison of the %degradation of AR dye (200 ppm, 10 mL, pH 7) by original 

and recovered (a) 0.02 g of A-MWCNTs/Cu-Ti oxides NPs and (b) 0.01 g of Cu-Ti oxides NPs. 

3.3.5. Effect of the photocatalyst dosage on the photodegradation 

The effect of photocatalyst dosage on the degradation of the dye was evaluated by loading 

different photocatalyst amount (0.015, 0.020, 0.025, 0.030, 0.035, 0.040 and 0.045 g) under 

constant irradiation time of 120 min and 200 ppm dye concentration. Figure 3.3.7a and b shows 

the UV-Visible spectra of AR dye in aqueous media photodegraded by A-MWCNTs/Cu-Ti 

oxides NPs and Cu-Ti oxides NPs, respectively. The results show that with increase in the 

photocatalysts amount, the rate of photodegradation increases. Figure 3.3.7c shows the % 

degradation of AR dye photodegraded by A-MWCNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs. 

The results revealed that the supported NPs degraded more dye as compared to the unsupported 

NPs, which might be due to the better dispersion of metal NPs on A-MWCNTs surface and 

ability of A-MWCNTs to store and shuttle electrons in order to separate h+/e− pairs. The % 

degradation study revealed that 0.015g of supported and 0.005g of the unsupported 

photocatalysts degraded 23.91% and 20.45% of the dye respectively. Similarly, 0.035g of 

supported and 0.025g unsupported NPs degraded 62.2% and 59.11% of the dye respectively. It 

has been noted that further increase in the catalyst amount has no significant effect on the dye 

degradation. 0.045g of the deposited and 0.035g of the pure catalyst degraded 67.95% and 66% 

of the dye respectively. Increasing catalyst amount increases the quantity of the photons 

adsorbed which consequently enhancing photodegradation rate. Further increase in the 

photocatalyst dosage increases the solution opacity which has no significant effect on the 

photodecomposition rate [75, 78]. 
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Figure 3.3.7: UV-Vis spectra of AR dye (200 ppm, 10 mL, pH 7) photodegraded by different 

amounts of (a) A-MWCNTs/Cu-Ti oxides NPs, (b) Cu-Ti oxides NPs at 180 min and (c) 

Comparison of the % degradation. 

3.3.6. Effect of the concentration of dye on the photodegradation 

The effect of initial concentration of dye on photodegradation rate of AR under constant 

irradiation time and catalyst amount was investigated at various dye concentrations (100, 150, 

200, 250 and 300 ppm) under constant 120 min irradiation time and constant catalyst amount. It 

was concluded that the photo-degradation of dye decreased when initial concentration of AR dye 

was increased. This decrease in photocatalysis may be due to the fact that as initial AR dye 

concentration increases more and more molecules of AR dye will be adsorbed on the photo-
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catalyst surface and significant portion of UV-light will be absorbed by the molecules of AR dye 

rather than the NPs photocatalyst, consequently light penetration to NPs surface decreases. Due 

to this phenomenon hydroxyl radicals generation decreases and hence photodegradation rate 

decreases [75, 79]. Figure 3.3.8a and b shows the %degradation of AR dye photocatalytically 

degraded by A-MWCNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs, respectively. It was found 

that at low initial AR dye concentration photodegradation rate is high while at higher 

concentration degradation rate decreases. Results reveals that at 100 ppm A-MWCNTs/Cu-Ti 

oxides NPs degraded 89.59% dye, at 200 ppm degradation decreased to 72.54% while increasing 

AR dye concentration to 300 ppm greatly decreased degradation rate to 70.65%. Similarly, Cu-Ti 

oxides NPs at 100 ppm initial dye concentration degraded 79.65% which decreased to 67.95% at 

200 ppm. While further increasing dye concentration to 300 ppm, degradation of dye was 

decreased to 62.94%. 

 

Figure 3.3.8: %degradation of AR dye (10 mL, pH 7) at various initial dye concentrations by (a) 

0.02 g of A-MWNTs/Cu-Ti oxides NPs and (b) 0.01 g of Cu-Ti oxides NPs at 180 min. 
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3.3.7. Effect of pH on photodegradation 

The effect of pH of the medium on the photo-degradation rate of AR dye was studied at various 

pH (3, 5, 7, 9 and 11) under constant irradiation time (120 min) and constant catalyst amount. 

Figure 3.3.9a and b shows the UV-Visible spectra of AR dye at various pH photodegraded by A-

MWCNTs/Cu-Ti oxides NPs and Cu-Ti oxides NPs, respectively.  Figure 3.3.9c shows the 

comparison of % degradation of the AR dye at various pH using both photocatalysts. The results 

confirmed that photodegradation rate increases with increase in pH of the medium. It is clear 

from the results that A-MWCNTs/Cu-Ti oxides NPs degraded 85.82% dye at pH 3, 92.51% at 

pH 7 and maximum degradation of 96.61% was achieved at pH 11. Similarly, Cu-Ti oxides NPs 

at pH 3 degraded 85.41%, 91.09% at pH 7 and 95.61% of the dye at pH 11. Results revealed that 

dye degraded efficiently in the basic medium. The high photodegradation rate in the basic 

medium is attributed to the enhanced generation of the hydroxyl radicals (.OH), which is a strong 

oxidizing agent [37, 80]. 
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Figure 3.3.9: UV-Vis spectra of AR dye (200 ppm, 10 mL) under UV-light irradiation at various 

pH by (a) 0.02 g of A- MWCNTs/Cu-Ti oxides NPs, (b) 0.01 g of Cu-Ti oxides NPs at 180 min. 

and (c) Comparison of % degradation. 
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3.4. A-MWCNTs/Ag-Co oxides and Ag-Co oxides NPs 

3.4.1. SEM and EDX study 

Figure 3.4.1a and b shows the SEM images of A-MWCNTs/Ag-Co oxides and pure Ag-Co 

oxides NPs respectively. SEM images shows that the bimetallic NPs are in irregular shapes, 

some are spherical while some are elongated and rod shaped. SEM images shows that the NPs 

are in dispersed form while some are in agglomerated form (figure 3.4.1b). SEM image also 

show that the supported bimetallic oxides NPs are mostly in dispersed form (figure 3.4.1a). 

There is thick deposition of the NPs on the MWCNTs.  

 

Figure 3.4.1: SEM images of (a) A-MWCNTs/Ag-Co oxides NPs and (b) Ag-Co oxides NPs. 

Figure 3.4.2a and b shows the EDX profiles of A-MWCNTs/Ag-Co oxides NPs and Ag-Co 

oxides NPs respectively. The EDX spectra show that Ag and Co are present in large quantity. 

The presence of oxygen peaks in figure 3.4.1 confirms that the nanoparticles are in the oxide 

form. And functionalization of the MWCNTs has occurred during acid treatment, which 

introduces carboxylic functional group. The presence of C peak in the figure 3.4.2a is for Carbon 

of the MWCNTs which has been used as support for NPs.  
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Figure 3.4.2: EDX spectra’s of (a) A-MWCNTs/Ag-Co oxides NPs and (b) Ag-Co oxides NPs. 

3.4.2. Photocatalytic degradation study of Congo red dye 

The photocatalytic activity of the A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs was 

evaluated by using it for the photo-catalytic degradation of Congo red (CR) dye under UV-light 

irradiation. Figure 3.4.3a and b represents the UV-Visible spectra of CR dye photo-degraded by 
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A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs respectively. The photodegradation of 

CR was measured from the relative intensity of its UV-Visible spectra, which gave a peak of 

maximum absorbance peak at 488 nm. Figure 3.4.4a shows the comparison of %degradation of 

CR dye photodegraded by A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs respectively. 

Figure 3.4.4a show that A-MWCNTs/Ag-Co oxides NPs degraded 32.19% dye within 15 min, 

which increases upto a maximum of 90.37% by increasing irradiation time to 75 min. Similarly, 

Ag-Co oxides NPs degraded 26.32% within 15 min, which increases to 88.09% by increasing 

time to 75 min. The results clearly reveals that the supported NPs degraded more dye than 

unsupported NPs, which might be due to the better dispersion of metal NPs on A-MWCNTs 

surface and ability of A-MWCNTs to store and shuttle electrons in order to separate h+/e− pairs. 

Figure 3.4.4b shows a plot of lnCo/C versus the irradiation time, representing a linear 

relationship, which indicates pseudo-first-order kinetics. The values of correlation coefficient 

(R2) are also shown in the figure 3.4.4b. 

 

Figure 3.4.3: UV/Vis spectra of CR dye (80 ppm, 10 mL, pH 7) photodegraded by (a) 0.02 g of 

A-MWCNTs/Ag-Co oxides NPs and (b) 0.01 g of Ag-Co oxides NPs. 
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Figure 3.4.4: (a) Comparison of %degradation of CR dye (80 ppm, 10 mL, pH 7) by 0.02 g of 

A- MWCNTs/Ag-Co oxides NPs and 0.01 g of Ag-Co oxides NPs and (b) Kinetic study. 

3.4.3. Photocatalytic efficiency of the recovered catalyst 

The catalytic efficiency of the recovered photocatayst was evaluated under the same 

experimental conditions as a function of the irradiation time. Figure 3.4.5a and b shows the UV-

Visible spectra of CR dye photocatalytically degraded by the recovered A-MWCNTs/Ag-Co 

oxides NPs and pure Ag-Co oxides NPs respectively. Figure 3.4.6 shows the % degradation 

comparison of congo red dye by recovered A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides 

NPs. The recovered supported bimetallic oxides NPs degraded more dye as compared to the 

unsupported bimetallic oxides NPs. Figure 3.4.7a and b shows the comparison of %degradation 

of congo red dye by pure and recovered A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs, 

respectively. The original A-MWCNTs/Ag-Co oxides NPs degraded 32.19% dye while the 

recovered degraded 18.54% within 15 min while within 75 min the original A-MWCNTs/Ag-Co 

oxides NPs degraded 90.37% while the recovered degraded 64.01% of the dye. Similarly the 

original Ag-Co oxides NPs degraded 88.09% within 75 min while the recovered Ag-Co oxides 
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NPs degraded 59.65% within the same irradiation time. The photodegradation results revealed 

that both the recovered supported and unsupported photocatalyst photo-degraded less dye as 

compared to the original photocatalysts.  

 

Figure 3.4.5: UV-Vis spectra of CR dye 980 ppm, 10 mL, pH 7) under UV-light irradiation by 

(a) 0.02 g of recovered A-MWCNTs/Ag-Co oxides NPs and (b) 0.01 g of recovered Ag-Co 

oxides NPs. 

 

Figure 3.4.6: Comparison of the %degradation of CR dye (80 ppm, 10 mL, pH 7) by recovered 

0.02 g of A-MWCNTs/Ag-Co oxides NPs and 0.01 g of Ag-Co oxides NPs. 
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Figure 3.4.7: %degradation comparison of CR dye (80 ppm, 10 mL, pH 7) by fresh and 

recovered (a) 0.22 g of A-MWCNTs/Ag-Co oxides NPs and (b) 0.165 g of Ag-Co oxides NPs. 

3.4.4 Effect of the catalyst dosage on the photodegradation 

The effect of the photo-catalyst dosage on photocatalysis of CR was evaluated by loading 

different amounts of A-MWCNTs/Ag-Co oxides NPs (0.07, 0.12, 0.17, 0.22, 0.27, 0.32 and 0.37 

g) and Ag-Co oxides NPs (0.015, 0.065, 0.115, 0.165, 0.215, 0.265 and 0.315 g) under constant 

irradiation time of 60 min, using 80 ppm solution of the dye. Figure 3.4.8a and b shows the UV-

Visible spectra of CR dye in aqueous media photodegraded by different amounts of A-

MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs respectively. Figure 3.4.9 shows the 

comparison of % degradation of CR dye by A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides 

NPs. The results shows that as photocatalyst amount increases photodegradation of dyes also 

increases, which is due to the availability of more active sites for the photocatalytic degradation 

of the dye. According to the results 0.07g of A-MWCNTs/Ag-Co oxides NPs degraded 54.19% 

while increasing its quantity to 0.37g, dye degradation increased to 91.34%. Similarly, 0.015 g of 
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Ag-Co oxides NPs degraded 52.07% while 0.315 g degraded 89.10% dye. The overall 

%degradation is shown in figure 3.4.9. 

 

Figure 3.4.8: UV-Vis spectra of CR dye (80 ppm, 10 mL, pH 7) photodegraded by different 

amount of (a) A-MWCNTs/Ag-Co oxides NPs and (b) Ag-Co oxides NPs at 75 min. 

 

Figure 3.4.9: Comparison of % degradation of CR dye (80 ppm, 10 mL, pH 7) by different 

amount of A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs at 75 min. 
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3.4.5 Effect of the concentration of dye on photodegradation 

The effect of the initial concentration of CR dye on photodegradation rate of CR under constant 

irradiation time and catalyst amount was investigated at various initial dye concentrations (60, 

70, 80, 90 and 100 ppm) under constant 60 min irradiation. It was found that the photo-

degradation of dye decreased as the initial dye concentration was increased. Figure 3.4.10 shows 

the comparison of % degradation of CR dye at various initial concentrations of dye 

photodegraded by A-MWCNTs/Ag-Co oxides NPs and Ag-Co oxides NPs. The results show that 

at initial concentration of 60 ppm the A-MWCNTs/Ag-Co oxides NPs degraded 85.66% dye, 

which decreased to 84.43, 83.26, 78.80 and 73.79% at concentration of 70, 80, 90 and 100 ppm, 

respectively. Similarly, the Ag-Co oxides NPs at 60 ppm degraded 82.80% which decreased to 

81.76, 79.51, 75.28 and 71.10% by increasing dye concentration upto 70, 80, 90 and 100 ppm, 

respectively. 

  

Figure 3.4.10: Comparison of %degradation of CR dye (10 mL, pH 7) of various concentrations 

in the presence of 0.02 g of A-MWCNTs/Ag-Co oxides NPs and 0.01 g of Ag-Co oxides NPs at 

75 min. 
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3.4.6 Effect of pH on photodegradation 

The effect of pH of the medium on CR dye degradation was monitored by studying dye 

degradation in different pH media (4, 6, 7, 8 and 10) at constant irradiation time of 60 min. 

Figure 3.4.11 shows the comparison of %degradation of CR dye by A-MWCNTs/Ag-Co oxides 

NPs and Ag-Co oxides NPs in different pH media. The results reveal that maximum degradation 

occurred in the basic medium. The data show that at pH 10, a maximum degradation of 90.50% 

was achieved by A-MWCNTs/Ag-Co oxides NPs, which decreases to 86.81, 83.26, 80.84 and 

78.80% by decreasing pH to 8, 7, 6 and 4, respectively. Similarly, Ag-Co oxides NPs at pH 10 

degraded 88.12% of the dye which decreases to 76.06% at pH 4. 

 

Figure 3.4.11: Comparison of % degradation of CR dye (80 ppm, 10 mL, pH 7) in different pH 

media in the presence of 0.02 g of A-MWCNTs/Ag-Co oxides NPs and 0.01 g of Ag-Co oxides 

NPs at 75 min. 
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3.5. A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs 

3.5.1 SEM and EDX study 

Figure 3.5.1a and b shows the SEM images of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs, 

respectively. The micrograph shows that NPs (figure 3.5.1b) are mostly in spherical shape in the 

form of agglomeration. The nanoparticles can be seen in clusters form. The micrograph (figure 

3.5.1a) shows that NPs are present in well dispersed form on the A-MWCNTs surface. 

 

Figure 3.5.1: SEM images of (a) A-MWCNTs/Co-Ti oxides and (b) Co-Ti oxides NPs. 

Figure 3.5.2a and b shows the EDX profiles of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs 

respectively. The figure shows that Ti and Co are present in large quantity in both the 

photocatalysts. The presence of carbon peak in the figure 3.5.2a is for the A-MWCNTs while the 

presence of oxygen peaks in both the figures confirms that the bimetallic NPs are present in their 

oxides form. The presence of oxygen peak in figure 3.5.2a also confirms the oxygen of the 

COOH group which has been introduced to the MWCNTs during acid treatment.  
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Figure 3.5.2: EDX spectra of (a) A-MWCNTs/Co-Ti oxides and (b) Co-Ti oxides NPs. 

3.5.2 Photocatalytic degradation study of Rhodamine-B dye 

The prepared A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs were used as photocatalysts for 

the photocatalytic degradation of Rhodamine-B (RB) dye under UV-light irradiation. Figure 

3.5.3a and b shows the UV-Visible spectra of RB in aqueous medium photodegraded by A-

MWCNTs/Co-Ti oxides and Co-Ti oxides NPs respectively. The photodegradation of RB was 
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measured from the relative intensity of its UV-Vis spectra, which gave a maximum absorbance 

at 554 nm. Figure 3.5.4a shows the comparison of the %degradation of RB dye in the presence of 

A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs, respectively. The results show that with 

increasing irradiation time the photodegradation of dye increases. From the results, it is clear that 

at initial irradiation time of 25 min the A-MWCNTs/Co-Ti oxides degraded 34.61% dye which 

increased to 52.4%, 69.11%, 84.18%, 90.24% and 93.35% as irradiation time increased to 50, 75, 

100, 125 and 150 min, respectively. Similarly, the Co-Ti oxides NPs degraded 28.86%, 46.54%, 

66.43%, 81.89%, 87.64% and 91.76% within irradiation time of 25, 50, 75, 100, 125 and 150 

min respectively. The results show that A-MWCNTs/Co-Ti oxides degraded the dye more 

rapidly than Co-Ti oxides NPs. Figure 3.5.4b shows a plot of lnCo/C versus irradiation time, 

representing a linear relationship, indicating pseudo-first-order kinetics. The values of correlation 

coefficient (R2) are represented in the figure 3.5.4b. 

 

Figure 3.5.3: UV-Vis spectra of RB dye (20 ppm, 10 mL, pH 7) photodegraded by (a) 0.02 g of 

A-MWCNTs/Co-Ti oxides NPs and (b) 0.01 g of Co-Ti oxides NPs. 
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Figure 3.5.4: (a) Comparison of % degradation of RB dye (20 ppm, 10 mL, pH 7) by 0.02 g of 

A-MWCNTs/Co-Ti oxides and 0.01 g of Co-Ti oxides NPs and (b) Kinetic study. 

3.5.3 Study of the catalytic efficiency of the recovered catalyst 

The used catalyst was washed many times with excess of distilled water in order to remove the 

adsorbed dye and it was used as photocatalyst under the same experimental conditions for 

evaluating its catalytic efficiency. Figure 3.5.5 a and b shows the UV-Visible spectra of RB in an 

aqueous medium in the presence of recycled A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs, 

respectively as a function of irradiation time. Figure 3.5.6 shows the comparison of the 

%degradation of RB dye in the presence of recovered A-MWCNTs/Co-Ti oxides and Co-Ti 

oxides NPs. The results revealed that the recovered A-MWCNTs/Co-Ti oxides degraded more 

dye than the recovered Co-Ti oxides NPs. Figure 3.5.7a shows the comparison of the % 

degradation of RB dye photodegraded by original and recovered A-MWCNTs/Co-Ti oxides NPs. 

The results show that the original A-MWCNTs/Co-Ti oxides degraded more dye than the 

recovered A-MWCNTs/Co-Ti oxides within each irradiation time. Within 25 min irradiation 

time the fresh A-MWCNTs/Co-Ti oxides degraded 34.61% while the recovered degraded 12.7%. 

Within the maximum irradiation time of 150 min the fresh A-MWCNTs/Co-Ti oxides degraded 
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93.35% dye while the recovered degraded 66% dye. Figure 3.5.7b shows the comparison of 

%degradation of RB dye photodergaded by original and recovered Co-Ti oxides NPs. The results 

confirm that the original Co-Ti oxides NPs degraded 28.86% dye within 25 min irradiation time 

while the recovered Co-Ti oxides NPs degraded 9.32% dye. Increasing irradiation time to 150 

min the original photocatalyst degraded 91.76% dye while the recovered 62.97% dye. 

 

Figure 3.5.5: UV-Vis spectra of RB dye (20 ppm, 10 mL, pH 7) photodegraded by recovered (a) 

0.02 g of A-MWCNTs/Co-Ti oxides NPs and (b) 0.01 g of Co-Ti oxides NPs. 

 

Figure 3.5.6: Comparison of %degradation of RB dye (20 ppm, 10 mL, pH 7) by recovered 0.02 

g of A-MWCNTs/Co-Ti oxides and 0.01 g of Co-Ti oxides NPs. 
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Figure 3.5.7: Comparison of the %degradation of RB dye (20 ppm, 10 mL, pH 7) by original 

and recovered (a) 0.02 g of A-MWCNTs/Co-Ti oxides NPs and (b) 0.01 g of Co-Ti oxides NPs. 

3.5.4 Effect of the catalyst amount on photodegradation 

The effect of photo-catalyst dosage on photocatalysis of RB was monitored by loading different 

amounts of A-MWCNTs/Ag-Co oxides NPs (0.08g, 0.13g, 0.18g, 0.23g and 0.28 g) and Ag-Co 

oxides NPs (0.02g, 0.07g, 0.12g, 0.17g and 0.22 g) under constant irradiation time of 100 min 

and 20 ppm dye concentration. Figure 3.5.8a and b shows the UV-Visible spectra of RB dye 

photodegraded by different amounts of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs 

respectively. The results show that with increase in the photocatalysts amount, photodegradation 

of dye increases. Figure 3.5.9 shows the comparison of the %degradation of RB dye 

photodegraded by A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs. Figure 3.5.9 confirm that 

the A-MWCNTs/Co-Ti oxides degraded more dye than Co-Ti oxides NPs. The results confirm 

that 0.08g of A-MWCNTs/Ag-Co oxides NPs degrades 72.64% dye, which increases to 90.01% 

by increasing the catalyst dosage to 0.28 g. Similarly, 0.02 g of Ag-Co oxides NPs degraded 

69.85% dye while increasing catalyst dosage to 0.22 g photodegradation of RB dye increases to 

88.38%. 
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Figure 3.5.8: UV-Vis spectra of RB dye (20 ppm, 10 mL, pH 7) under UV-light irradiation at 

different amounts of (a) A-MWCNTs/Co-Ti oxides and (b) Co-Ti oxides NPs at 150 min. 

 

Figure 3.5.9: %degradation comparison of RB dye (20 ppm, 10 mL, pH 7) by different amounts 

of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs at 150 min. 
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3.5.5 Effect of the dye concentration on photodegradation 

As industries discharge dyes at various concentrations, so the effect of initial RB dye 

concentration on the photo-degradation rate was evaluated by studying the photodegradation by 

using solutions of different concentrations (10, 15, 20, 25 and 30 ppm) keeping irradiation time 

(100 min) and catalyst amount (0.02 g of A-MWCNTs/Co-Ti oxides NPs and 0.01 g of Co-Ti 

oxides NPs) constant. The effect of the initial dye concentration on the photodegradation rate is 

shown in the figure 3.5.10, which actually shows the comparison of %degradation of RB dye by 

constant amount of A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs. The results show that the 

maximum dye degradation was obtained in the lower initial dye concentration. Results reveals 

that the A-MWCNTs/Co-Ti oxides NPs degraded 92.79% of the 10ppm dye solution while 

increasing concentration to 15, 20, 25 and 30 ppm, photodegradation decreased to 87.26%, 

84.18%, 81.5% and 80.7% respectively. Similarly, Co-Ti oxides NPs degraded 90.99% dye at 10 

ppm which decreased to 84.83%, 81.89%, 80.71% and 79.91% by increasing initial dye 

concentration to 15, 20, 25 and 30 ppm, respectively. 
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Figure 3.5.10: Comparison of %degradation of RB dye (10 mL, pH 7) at different initial dye 

concentration by 0.02 g of A-MWCNTs/Co-Ti oxides and 0.01 g of Co-Ti oxides NPs at 150 

min. 

3.5.6 Effect of pH on photodegradation 

Figure 3.5.11a and b shows the UV-Visible spectra of RB dye photodegraded by A-

MWCNTs/Co-Ti oxides and Co-Ti oxides NPs respectively. Different pH solutions of the dye 

were prepared each of 20ppm. These solutions were irradiated with UV light for 100 min using 

0.02g of the A-MWCNTs/Co-Ti oxides NPs and 0.01g of the pure Co-Ti oxides NPs as catalysts. 

Figure 3.5.12 actually shows the comparison of the % degradation of RB dye photodegraded by 

A-MWCNTs/Co-Ti oxides and Co-Ti oxides NPs in difference pH media. The result shows that 

pH has a low effect on the photodegradation rate of RB dye however greater degradation is 
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achieved at higher pH. The results show that at pH 3 the A-MWCNTs/Co-Ti oxides degraded 

82.38%, which increased upto 88.16% by increasing pH to 11. Similarly, the Co-Ti oxides NPs 

degraded 81.16% dye at pH 3, which increased to 81.5%, 81.89%, 83.7% and 84.83% by 

increasing pH of the media to 5, 7, 9 and 11, respectively. At higher pH the formation of active 

OH radicals increases so photodegradation rate increases [70, 81]. 

 

Figure 3.5.11: UV-Vis spectra of RB dye (20 ppm, 10 mL) photodegraded by 0.02 g of A-

MWCNTs/Co-Ti oxides and 0.01 g of Co-Ti oxides NPs in different pH media at 150 min. 
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Figure 3.5.12: Comparison of %degradation of RB dye (20 ppm, 10 mL) photodergaded by 0.02 

g of A-MWCNTs/Co-Ti oxides and 0.01 g of Co-Ti oxides NPs in difference pH media at 150 

min.  
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CONCLUSIONS 

It is concluded that the A-MWCNTs are stable support materials for the nanoparticles and have 

the ability to store and shuttle electrons in order to separate h+/e− pairs. 

Activation/Functionalization of the MWCNTs not only increases its interaction with NPs but 

also increase its dispersive properties. Bimetallic nanoparticles show high photocatalytic activity 

in the photodegradation of organic dyes. The A-MWCNTs supported bimetallic oxides 

nanoparticles show enhanced photocatalytic activity as compared to the unsupported bimetallic 

oxides nanoparticles, which is due to the better dispersion of bimetallic NPs on the surface of A-

MWCNTs. The A-MWCNTs/Mn-Zn oxides and Mn-Zn oxides NPs degraded 96.49% of MG 

dye within 2 h while unsupported bimetallic photocatalyst degraded 93.38% of the dye within 

the same period of time. The MG dye degradation increases by increasing catalyst amount and 

pH of the medium and decreases with increasing the dye concentration. The A-MWCNTs/Fe-Mn 

oxides NPs and Fe-Mn oxides NPs degraded 70% and 65.5% of the MB within 2 h irradiation. 

The MB dye degradation increases upto 93.7% and 92.8% respectively by increasing irradiation 

time upto 12 h. The A-MWCNTs/Cu-Ti oxides and Cu-Ti oxides NPs degraded 92.51% and 

91.08% AR dye within the optimum irradiation time of 180 min. It was concluded that dye 

degradation increases by increasing photocatalyst dosage and decreases by increasing initial 

concentration of AR dye. The lower pH photocatalytic degradation rate was low but higher 

degradation is achieved in the basic medium. A-MWCNTs/Ag-Co and Ag-Co NPs degraded 

90.37% and 88.09% CR within 75 min irradiation, respectively. It was found that CR dye 

degradation increases in the basic medium and by increasing the photocatalyst amount while 

decreases as initial concentration of the CR dye increases. Similarly, A-MWCNTs/Co-Ti oxides 

and Co-Ti oxides NPs effectively degraded RB dye under UV-light irradiation. A-MWCNTs/Co-
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Ti oxides and Co-Ti oxides NPs degraded 93.35% and 91.76% of RB dye within optimum 

irradiation time of 150 min. The recovered photo-catalyst also significantly degraded the dyes 

but shows less photocatalytic activity compared to the fresh photocatalysts, which is due to the 

deposition of photosensitive hydroxides and dye molecules on photocatalysts surface which 

blocks its active surface sites. 
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