
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carboxymethyl Cellulose and Titania 
Composites as Adsorbents 
 
by Dinushi Munasingha Mudiyanselage 
 
Thesis submitted in fulfilment of the requirements for  
the degree of  
 
Doctor of Philosophy 
 
under the supervision of Prof Steven J Langford 
                                        Dr Sujeewa De Silva 
                                        Dr Francois Malherbe 
 
 
 
 
 

University of Technology Sydney 
Faculty of Science 
 
August, 2023 

 



i 

CERTIFICATE OF ORIGINAL AUTHORSHIP 

I, Dinushi Munasingha Mudiyanselage declare that this thesis, is submitted in fulfilment of the 

requirements for the award of Doctor of Philosophy, in the School of Mathematical and 

Physical Sciences at the University of Technology Sydney.  

This thesis is wholly my own work unless otherwise referenced or acknowledged. In addition, 

I certify that all information sources and literature used are indicated in the thesis.  

This document has not been submitted for qualifications at any other academic institution. 

This research is supported by the Australian Government Research Training Program.  

Signature:  

Date: 19/01/2024

Production Note:
Signature removed prior to publication.



ii 
 

ACKNOWLEDGEMENT 

 

I am delighted to extend my gratitude to those who have contributed to the completion of this 

thesis. First and foremost, I wish to express my heartfelt appreciation to my supervisor, 

Professor Steven Langford. His invaluable guidance, beginning from the project's 

commencement to its end, has enabled me to grasp the project's essence. His clear instructions 

and continuous support not only enriched my project but also extended to understanding the 

emotional aspects of my time at both Swinburne University of Technology, Hawthorn (SUT) 

and University of Technology, Sydney (UTS). I am indebted to him for his care since my arrival 

in a foreign country. Without his motivation, enthusiasm, extensive knowledge, and helping 

hand, the completion of this project would have been an insurmountable challenge. His 

constructive feedback during the research process, comprehensive review, constructive 

criticism, and excellent advice during thesis preparation have inspired me to excel 

academically. 

I extend my heartfelt gratitude to my co-supervisor, Dr. Francois Malherbe, of Swinburne 

University of Technology, Hawthorn, for guiding my research efforts and generously granting 

access to their equipment. I would also like to acknowledge the immense support of my co-

supervisor, Dr. Sujeewa De Silva, from the University of Technology, Sydney. Her attention, 

facilitation, consideration of research project needs, and emotional support have been 

invaluable throughout this journey in an unfamiliar city. 

My appreciation extends to my colleagues and group members – Glenn, Mohammed, Salman, 

Pradnya, Desi, and Lauren – whose support during my research work has been indispensable. 

A heartfelt thank you to the lab technicians at both SUT and UTS, and all other lab assistants, 

for their assistance whenever I needed during my lab work. I am also grateful to Dr. Nazrul 

Islam for facilitating XPS analysis at the University of Wollongong.  

I extend my profound gratitude to my parents and brother for their unwavering support 

throughout this journey. Their encouragement has been the driving force behind my 

achievements. To my dear friends – Didula, Sudithya, Hasitha, Lakshani, Rasanjana, and 

Chanaka – your unfaltering support, belief in me during challenging times, and being my 

family away from home have been invaluable. Without your encouragement and 

understanding, completing this work would have been an impossible task.  



iii 
 

Finally, I extend my regards and blessings to all those who have directly or indirectly supported 

and assisted me during the completion of this project. I am grateful for the financial support 

provided by both Swinburne University of Technology and the University of Technology 

Sydney. 

In closing, this journey has been made possible by the collective efforts, guidance, and support 

of these remarkable individuals and institutions. 

August 2023 

Dinushi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

COVID-19 IMPACT ON THE PROJECT 

The unexpected arrival of the COVID-19 pandemic in my second year at Swinburne University 

of Technology, Hawthorn, introduced a series of challenges that profoundly influenced my 

PhD journey. The global crisis disrupted not only our daily lives but also the very fabric of 

academic pursuits, reshaping the way we approached research and learning. The closure of 

research facilities and laboratories in response to lockdown measures meant that I lost complete 

access to the lab for an extended period of approximately one year. This interruption was not 

only frustrating but also significantly hindered the progression of my research. The limited 

hours granted subsequently as restrictions eased proved insufficient to make up for the lost 

time, and I encountered unexpected setbacks. 

Beyond the research setbacks, the pandemic's impact extended to the very core of my personal 

life. Being stuck in a compact apartment throughout extended lockdowns, the isolation the 

isolation took a toll on my mental well-being. The inability to visit my parents for three years 

weighed heavily on my heart, intensifying the emotional strain of the situation. Moreover, 

contracting COVID-19 as soon as moving to Sydney, added a new layer of complexity to an 

already challenging scenario. 

The disruptions caused by the pandemic definitely affected my capacity to complete the 

planned tasks within the expected time. Nonetheless, I take comfort in the unexpected 

accomplishments that arose despite these challenges. With the unwavering support of my 

supervisors, I managed to achieve more than I had initially set out to accomplish in this 

condensed period. As I move forward, I am reminded that while the pandemic may have 

disrupted my plans, it did not diminish my determination. 

 

 

 

  



v 
 

 

ABSTRACT 

Water, being an irreplaceable resource and primary source of life and energy on Earth, is under 

immense stress due to pollution caused by rapid industrialization and urbanization. This has 

led to an alarming shortage of fresh water for millions of people. Contaminants such as organic 

pollutants, and pathogens threaten human health and ecosystems. To address this global 

concern, wastewater treatment methods have gained increasing attention in the 20th century, 

aiming to remove pollutants and ensure water safety. Conventional water purification methods 

have limitations in treating diverse pollutants efficiently. Among various techniques, 

photocatalytic oxidation (PCO) has emerged as an effective and eco-friendly method, utilizing 

semiconductor photocatalysts like TiO2 to degrade water pollutants. 

This thesis focuses on the synthesis of a multifunctional, environmentally-friendly and cost-

effective adsorbent material for wastewater treatment by combining the environmentally 

friendly biopolymer carboxymethylcellulose (CMC) with TiO2. Two protocols were used to 

incorporate TiO2 into CMC, resulting in stable and processable materials. The first method 

involved direct incorporation of TiO2 powder into CMC to create a foam, while the second 

method utilized in-situ synthesis of TiO2 on CMC. The prepared composites demonstrated 

excellent adsorption and photocatalytic activity. 

Chapter 2 presents a comprehensive literature review, including the research gap and where 

this research fits in. Moreover, the chapter highlights the adsorption and photocatalytic 

mechanisms, as well as the chemical capabilities of the raw materials. Chapter 3 focuses on the 

synthesis of CMC/TiO2 foam, with the direct incorporation of TiO2 powder (P25). The 

synthesised foam exhibits an excellent stability and degradation efficiency of methylene blue 

(MB) dye under UV. The chapter ends with identifying a major drawback as the TiO2 is 

leaching from the composite.  

Chapter 4 presents the successful synthesis of CMC/TiO2 composites through an in-situ TiO2 

synthesis method, aiming to immobilise TiO2 within the polymer system (CTTIP). The 

combined sol-gel/hydrothermal method was utilized to improve the efficiency of the synthesis 

process, resulting in the successful formation of anatase at a relatively low temperature 

(110°C). Anatase was present in all the synthesized samples, including the synthesized TiO2 

powder. The CTTIP composites and synthesized TiO2 exhibited a reduced band gap, leading 

to excellent photocatalytic activity for both cationic (methylene blue) and anionic (methyl 
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orange) dyes under direct sunlight. Furthermore, the CTTIP composites showed promising 

potential in degrading phenol. Chapter 5 superficially investigates the degradation of anionic 

batik dyes under UV light, demonstrating the prepared composites' potential capability to 

effectively degrade them. The conclusion in Chapter 5 emphasizes the significance of 

CMC/TiO2 composites as potent candidates for wastewater treatment. Their exceptional 

properties, such as low toxicity, environmental friendliness, and cost-effectiveness, make them 

promising materials for addressing water pollution challenges.  We conclude with a brief 

overview of future work, including how understanding the structure-property relationship, 

investigating batik wastes, and evaluating antibacterial properties could lead to commercially 

viable products. Further exploration of heavy metal and ionic solvent removal is planned to 

expand the composites' applications. 

In summary, this thesis presents a novel approach to synthesize environmentally friendly, cost-

effective, and versatile CMC/TiO2 composites for effective wastewater treatment. Continued 

research in this direction promises to contribute significantly to sustainable water purification 

solutions. 
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CHAPTER 1  

INTRODUCTION 

1.1 Overview of Water Pollution 

Water, the most irreplaceable liquid on the earth, is a primary source of life and energy, yet 

millions of people are suffering from a lack of access to fresh water. Water coverage of the 

Earth’s surface is about 71% by area and yet there is only about 3% that is fresh water. Out of 

that 3%, only 0.5% is available to living beings.1 Due to rapid industrialisation and 

urbanisation, water pollution has now become a major environmental issue, as it seriously 

effects both human health and the ecosystem we live in.  Fresh water resources are under a 

huge stress, as everyday these resources are polluted with domestic, agricultural, industrial and 

natural wastes. As examples for the ways of polluting water, marine dumping,2 oil leakage,3 

industrial wastage,4 global warming, deforestation,5 and rubbish and faecal water dumping,6 

agricultural and livestock farming7 can be highly considered.8 These sources release enormous 

quantities of different types of pollutants such as organic pollutants, heavy metals, fuel, 

biological effluents, pesticides and pharmaceuticals to water.9 Different sources have 

documented diverse classifications of water pollutants. Figure 1.1 shows a categorisation of 

water pollutants based on the prevailing published data.10  It is reported that nearly 72 types of 

chemicals released from textile and dye industries and more than 30 of them are irreversible.11 

As examples, the gold mining in Venezuela has released a high concentration of Hg has been 

reported in some rivers,12 in Australia, enormous fish kills were seen in the early 2000’s due to 

low chemical oxygen demand (COD) caused by pollutants in water,13’14 in Romania a major 

fish kill had been taken place in January,2000 due to a cyanide leaching and this event is 

considered as the worst disaster since Chernobyl15and in Bangladesh, Arsenic from the 

Himalaya’s provides challenges for potable drinking water from bores.16  

According to World Health Organization (WHO) records, more than 2 billion people consume 

polluted water. More than 140 million of people across 50 countries usually drink water with 

higher arsenic concentration, which is higher than the WHO standard limit (10µg/L).9 These 

pollutants can cause striking water borne diseases such as diarrhoea, cholera, polio, typhoid 

and dysentery. Over 485,000 death are usually recorded due to diarrhoea caused by polluted 

water. It has also been reported that nearly 70-80% of the diseases caused by polluted water 
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occur in the developing countries.17 The problem is only set to get worse as according to the 

United Nations in 2000, the global water demand is expected to increase by 55% to 2050.18 

This alarming global situation has awakened the urge for the large-scale purification of water. 

 

Figure 1.1 Classification of water pollutants.10 

The very first wastewater treatment plant had been in built in London in mid 1800s, utilizing a 

combination of all physical, chemical and biological treatment methods.19 Throughout the 20th 

century, wastewater treatment methods have become increasingly attractive. Adelaide, 

Australia is known to have the very first sewerage system in Australia which helped in reducing 

40% of deaths in Adelaide due to typhoid, a water-borne disease.20 A proper treatment for 

wastewater should completely remove the pollutants in water or minimise those pollutants to 

a safer limit. Moreover, a wastewater treatment protocol should consider all the technical, 

economic and environmental aspects.21 

1.2 Wastewater Treatment Methods 

There are number of conventional water purification methods, including filtration, adsorption, 

photocatalytic oxidation, plasma filtration, ozonisation to name a few under the four main 

categories of physical, chemical, mechanical and biological treatment methods.22 The majority 

of published methods have been designed to target only one pollutant; however, there are a few 

number of reports that describe techniques capable of removing multiple types of pollutants. 

For instance, adsorption is suitable for all types of pollutants including organics, inorganics, 

oil and pathogens.23 When looking at out day-today water treatment processes, municipal water 

purification in Australia uses three distinct steps as follows: 
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1. Primary treatment – This step removes large and suspended solids through screening 

and sedimentation. Moreover, grit removal is employed to remove small and heavy 

particles like sand.  It can employ a bioremediation approach. 

2. Secondary treatment – This step includes a biological treatment method which breaks 

down the organic matters and the nutrients with the help of microorganisms introduced 

along with the sludge to the water. 

3. Tertiary treatment – This stage is a combination of physical, chemical and/or biological 

methods to remove remaining impurities and nutrients in the water. Additionally, this 

step includes disinfection using ultra-violet light or chlorine.24 

Figure 1.2 shows a visual representation of filtration section, sedimentation tanks and chemical 

treatment columns implemented at Sydney Water. 

 

Figure 1.2: Visual representation of water treatment implemented at Sydney Water. 

Among various water treatment techniques employed across industries and diverse 

applications, photocatalytic oxidation (PCO) has gained a significant attention as one of the 

most effective and environmentally friendly methods. Photocatalysis occurs in the case where 

a semiconductor such as TiO2 and ZnO (both of which are white powders) are irradiated with 

UV light. When the photocatalyst is irradiated at 240-360 nm, it can generate highly reactive 
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radicals such as hydroxyl and superoxide radicals which can react and degrade all types of 

water pollutants.25 TiO2 is a cheap and extensively used photocatalyst due to its promising 

characteristics such as high photocatalytic ability, low toxicity, chemical inertness, UV 

shielding properties, semiconducting properties, and antibacterial activity.26 Titanium dioxide 

can be found in three main polymorphs - anatase, rutile and brookite. Evonik Aeroxide P25 

(Degussa P25) is a type of commercial titania nanoparticle which contains ~85% anatase, ~15% 

rutile and small amounts of amorphous titania. It has been reported that P25 has the highest 

photocatalytic activity and also is relatively inexpensive27, able to be prepared in a variety of 

forms including as a nanocrystalline powder with high surface area. TiO2 is generally used in 

many industries such as paint, dyes, pigments, paper, coatings, adhesives, semiconductor 

materials, cosmetics and personal care products including suns cream, toothpaste and 

whitening cream.28’29’30  

All most all the purification methods are with their own limitations, as they can be expensive, 

prone to rapid saturation, and may produce potentially harmful by-products (e.g. in 

ozonisation). Additionally, generation of by-products that serve as secondary pollutants is a 

common challenge associated with any purification method. However, as reported in the 

literature, this issue can be effectively controlled or inhibited in PCO by incorporating the 

appropriate materials, such as noble metals, semiconducting materials, MOFS, and C based 

materials including polymers.31’32’33Also high amount of oxygen has been found to promote 

the completion of the PCO reaction.34  

1.3 Materials Used For Wastewater Treatments. 

To produce an effective water treatment method, a diverse range of materials have been 

employed including carbon nanotubes, graphene oxide,35 metal organic frames (MOFs),36 

synthetic polymers like polyacrylonitrile, polyacryloamides37 and natural polymers like 

cellulose,38 soy protein, gelatin.39 Most of these materials fulfil the basic properties of a filter 

material such as high surface area, high adsorption capacity and high porosity, while some of 

the materials inherit a very limited chemical functionality, causing insufficient interactions 

with pollutants.40 Out of these currently used materials for wastewater treatment, natural 

polymers have emerged as a promising candidate as they are rich in functional groups, highly 

abundant in the nature, sustainable replacement for synthetic polymers, biodegradable, cost 

effective, high adsorption capacity, high degree of crystallinity and broad possibility of surface 

modification.41  Considering all these factors, this project aims to prepare an environmentally-
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friendly, inexpensive and multifunctional adsorbent material for wastewater treatment with 

the use of an environmentally friendly biopolymer, carboxymethylcellulose (CMC) and TiO2. 

The term ‘multifunctional’ here refers to the design of a material which is capable of removing 

different types of water pollutants including dyes, phenols and pathogens, and by combining 

CMC and TiO2 to reduce the band gap, enabling it to absorb visible light as a supramolecular 

effect - an effect different to the sum of the individual properties.  CMC is a cellulose derivative 

with excellent properties; rich in functional groups, biocompatibility, soluble in water, low 

cost, and non-toxic. As a result, CMC is widely used in food, cosmetic and pharmaceutical 

industries. Previous data on CMC indicated that it has high adsorption capacity.42  

Batik, an ancient fabric dyeing process, is widely practiced in Asian countries and results in 

vibrant and colorful products. However, this technique consumes a substantial amount of water 

and involves the use of various dyes and chemicals, leading to significant water pollution due 

to inadequate waste management. The majority of individuals engaged in batik operate home-

based businesses, facing challenges related to waste control and lack of support from relevant 

authorities. Having a background in the batik industry, I have personally witnessed the 

environmental threats posed by batik waste. As a chemistry researcher, I feel a responsibility 

and have set a goal to develop an environmentally-friendly, cost-effective, and versatile 

material to address the issue of batik waste. By doing so, I aim to support the preservation and 

global spread of this traditional technique in an environmentally-conscious manner. In this 

thesis, two different protocols have been used to incorporate TiO2 onto CMC. 

1. Direct incorporation of TiO2 powder to CMC and then make a high surface area foam; 

2. In-situ synthesis of TiO2 on CMC. 

The photocatalytic properties of the prepared composites have been analysed for wastewater 

treatment using all cationic, anionic dyes, phenols and batik dyes which are textile dyes 

common in Asian countries. 

There are a couple of questions and hypotheses that have been investigated during this research 

progress: 

1. Can TiO2 and CMC form a stable and processable material? 

2. What are differences between two preparation methods? 

3. Can the prepared composites be activated using natural sunlight? 

4. Do the prepared composites possess antibacterial properties? 
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5. Is the prepared composite capable of removing both cationic and anionic textile dyes? 

6. What are the by-products attained from the PCO treatment. 

7. Cultural preservation through scientific innovation in batik dye removal. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 An Overview of Water Pollution 

With the change of dramatic changes in people’s lifestyles, rapid increases in both urbanization 

and industrialization have started affecting nature in a deleterious way. Due to technological 

development, beginning with the industrial revolution, both human and machine activity has 

become the major source of water pollution, which is one of the major global concerns leading 

to an immense risk in human and ecosystem health and also an increase of global water 

demand.43 In a world which considers the access to the safe water is a human right, many 

populous countries are suffering with polluted water. According to the reports by Indian 

government, about 600 million individuals have been impacted by extreme to high levels of 

water stress.44 Pakistan Council of Research in Water Resources has reported that the water 

quality of 80-90% of the sources is below the required standard. Similarly, China also 

undergoes the same problem with their natural water resources and 25% of their lakes are full 

of nutrients and algae leading to a concerning eutrophic issues. Moreover, some rivers in 

various countries including Indonesia, USA, Brazil and Philippines have been identified as 

having among the most polluted rivers globally.45 It can be clearly seen that all the 

aforementioned nations are highly populated and industrialised and that exhibits an evident 

acceleration of water pollution. 

Natural water resources are subjected to pollution in number of different ways, such as release 

of industrial waste (heavy metals, toxic chemicals and textile dyes), agricultural runoff, release 

of domestic waste and natural disasters such as volcanic eruptions. These sources can be 

categorised based on two main criteria. The first approach is to distinguish them between 

natural and anthropogenic sources. Volcanic eruptions, flooding and weathering of rocks can 

be identified as natural sources while agricultural practices, industrial discharges, urban runoff 

and domestic sewage have been classified under anthropogenic sources which originate from 

human activities.9 The second approach involves categorising them into point and non-point 

sources. Point source pollution is where the source is specific and clearly identified, such as 

industrial zones, water treatment plants, and municipal discharge pipes. Non-point sources, on 

the other hand are diffused, scattered and the exact location is really difficult to pinpoint and 

agricultural discharges and natural causes like flooding can be considered as examples for 

nonpoint sources.46 
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Irrespective of the type of pollution source, enormous amounts of pollutants are being 

introduced daily to the water ways escalating the global water pollution crisis with the time. 

As discussed in Chapter 1, there are many ways to classify the water pollutants, and in here 

one common classification has been brought up as follow, considering a number of published 

reports.  

1. Organic pollutants – Phenolic compounds, dyes, petroleum, pharmaceuticals. These 
organic pollutants can be categorised into four groups; polyaromatic hydrocarbons 

(PAH), polychlorinated dibenzo-p-dioxins (PCDDS), polychlorinated biphenyls (PCB) 

and γ-hexachlorocyclohexane (γ-HCH).47 

2. Inorganic and nanoparticle pollutants – heavy metals, trace elements, sulphates, 
cyanides, mineral acids, inorganic salts, metals and metal complexes. They are 

incapable of degradation.48 

3. Nanoparticle pollutants - These have emerged as a new class of water contaminant. 

Nanoparticles can be categorised in to natural and synthetic nanoparticles. As to the 

researches carried out, both types of nanoparticles can be found in water resources as 

the small size of nanoparticles has made them possess a high mobility, easy to 

aggregate, and high reactivity.49 

4. Nutrients and agricultural pollutants – This category consists of a broad spectrum of 

pollutants including nitrates, phosphorous compounds, heavy metals, and organic 

compounds which are from fertilizers, herbicides and pesticides. They find their own 

way to water streams through agricultural runoff.50 

5. Pathogens – Sources like slaughterhouses, biological labs and hospitals contribute to 

this group with viruses, bacteria and other pathogenic microorganisms.51 

6. Solids and sediments – Sand and silts. 

7. Thermal and radioactive pollutants – Thermal pollutant refers to the discharge of heated 

water from industrial processes. Radioactive pollutants can originate naturally within 

the earth crust or anthropogenically through nuclear plants.52 

Among the aforementioned types of water pollutants, dyes and heavy metals have become the 

most alarming and critical concerns. When examining real life scenarios, the textile industry 
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releases nearly 200,000 tons of dyes per year to water streams.53 It has been reported that in 

India which is home for 1.3 billion people, 15-135 L of wastewater is generated per person for 

a day.44 Moreover, countries like Brazil, India and China which are heavily engaged in 

agricultural activities have faced a concerning issue with high concentration of glyphosate in 

water streams.54 Recent research have been able to determine alarming concentrations of 

pharmaceutical chemicals such as metoprolol, and anti-inflammatory drugs in rivers and lakes 

in countries including Mexico, Switzerland, Japan and USA.55 Furthermore, it has been 

reported that approximately 40% of the lakes and rivers in the world are being polluted by 

heavy metals. The annual release of mercury as a result of mining operations is approximately 

65-1000 tons.12  

The presence of these pollutants can increase the oxygen demand in water leading to adverse 

effects onto the ecosystem. Moreover, they have been identified as the potential causes for 

striking waterborne diseases like diarrhoea, cholera, polio, typhoid and dysentery. In addition 

to that, dyes and heavy metals are known carcinogenic contaminants and on the other hand 

they can create health issues like skin, kidney and liver diseases and also, impairments of 

human physiological functioning. Continuous intake of high fluoride level, can disrupt the 

calcium and phosphorous metabolism in the body, leading to a calcium deficiency and skeletal 

fluorosis.56 Research findings indicate that diarrhea causes deaths of nearly 300,000 of children 

under the age of five. Polluted water also accounts for 15-30% of gastrointestinal diseases 

globally.2 Therefore, it is necessary to develop effective strategies, materials and technologies 

to protect and conserve our valuable water resources and to minimise this global crisis.  

The literature review in this scientific thesis comprehensively examines contemporary 

methodologies employed for the removal of water pollutants and the diverse array of materials 

utilized in such treatment processes. Critical analysis of existing methods underscores their 

limitations, thereby clarifying the importance of the methods and materials proposed within 

this thesis to address these gaps and contribute to bridging the identified gaps in water pollutant 

removal techniques. 

2.2 Methods of Water Purification 

A wide range of water treatment technologies are currently employed in the industry, while 

numerous methods are under extensive research. In this section, some of the treatment methods 

will be discussed in brief.  
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2.2.1 Membrane Filtration 

This pressure-driven process involves a semi-permeable membrane which acts as a physical 

barrier to segregate impurities and contaminants from water. Membrane filtration can be 

classified in to four different types based on their pore sizes; ultrafiltration (UF), microfiltration 

(MF), nanofiltration (NF) and reverse osmosis (RO) as illustrated in Figure 2.1.57 

 

 

Figure 2.1 A schematic diagram of pressure driven membrane processes and the pore sizes of 
the membranes used for each process57 

 

MF is a pressure driven water purification techniques which uses the membranes with 0.1-10 

microns to remove suspended solids and some bacteria in water. UF involves membranes with 

pore sizes of 0.001-0.1 microns. Two types of techniques could be identified in UFs; first one 

is micelle enhanced ultrafiltration (MEUF) which uses surfactants to form micelles around the 

target contaminants, increasing their sizes and that helps in separating the water pollutants. 

This is effective in removing metal ions, heavy metals and some organic compounds. The other 

popular techniques under UF is polymer enhanced ultrafiltration (PEUF), which is used 

primarily for the removal of contaminants like colloidal particles, organic matters and proteins. 

In this technique, polymers can interact with the contaminants and form larger complexes 
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which can be easily retained by the membrane. Interestingly, it has been reported that UF has 

potential in removing some viruses and bacteria in water.58 

NF has been recognised as a technique with a higher selectivity as it is used a membrane with 

the pore size of 0.0001-0.001 microns. This is commonly used in removing microorganisms, 

turbidity, some salts which makes water hard. The final pressure driven UF technique the RO 

in which water is passed through a membrane with the lowest pore size values (less than 0.001 

microns) to segregate salts, ions, some viruses and organic molecules to produce ultrapure 

water for household drinking water, pharmaceutical and electronic industries.59 

Electrodialysis (ED) is also considered as a membrane filtration method, developed for 

desalination. This method utilizes an electric field to pass the ions through a semi-permeable 

membrane and it is highly used for the removal of dissolved salts and other ionised particles.8 

Overall, membrane filtration offers several advantages such as simplicity, efficient and rapid 

technique even at high concentrations, low solid waste generation, produces high-quality-

treated effluent, effective for a wide range of real applications, and minimal space required. 

Contrary, it is important to understand some disadvantages associated with this technique; high 

energy consumptions, high maintenance and operation costs, limited flow rates and a potential 

issue of membrane clogging.60 

2.2.2 Chemical Precipitation 

This is a conventional water treatment technique, used to remove metal ions and other ionic 

constituents in water. In this process a precipitation agent such as hydroxyl ions, iron salts, and 

aluminium salts are being used to precipitate the metal wastes as to the following chemical 

equation. Chemical precipitation is always followed by some other water treatment process 

such as filtration to remove the formed precipitate.  

Mn+ + n(OH-)                 M(OH)n 

Chemical precipitation presents numerous advantages as it is highly effective in removing 

metal ions and inorganic contaminants, the process is simple and cost effective, and it is 

suitable for high pollutant concentrations. However there are some disadvantages to consider 

such as high chemical consumption, elevated sludge production and requirement of a second 

method to remove the precipitation, ineffective at a low concentration and low removal of 

arsenic.61 
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2.2.3 Ion Exchange Method 

This is one of the oldest and most effective methods to remove heavy metals from water. In 

this reversible process, an aqueous ion will be exchanged stoichiometrically to a similar 

charged ion attached to a solid material added to the water. A synthetic or natural resin with an 

immobile and insoluble acidic/basic group and a mobile ion is used as the ion carrier. Examples 

for typical cation and anion exchanges have been given below. 

 

2NaR + CaCl2                   2NaCl + CaR2  (Cationic exchange) 

2RCl + Na2SO4                 2NaCl + R2SO4  (Anionic exchange) 

Ion exchanging is highly used in water softening and removing of heavy metals as this simple 

and rapid method is highly effective even at a low concentration, but a few disadvantages could 

be identified in this, such as quick saturation, degradation of the matrix, column beads can be 

blocked with organic materials and particulate matters and a possible issue of reactor 

clogging.62 

2.2.4 Ion Flotation 

This is a promising technique which uses a synthetic or a natural surfactant with the opposite 

charges to the target ions in the water. The added surfactants can form a surfactant complex 

which are being collected at the solution-vapour interface by passing gas bubbles through the 

solution. Surfactants like sodium oleate, sodium dodecyl sulfate (SDS), and silica nanoparticles 

are among the most highly used synthetic surfactants or collectors, yet it has been found that 

bio-surfactants are a more significant alternative to synthetic surfactants.63 Ion flotation is a 

simple and rapid process which requires a limited space and it is effective in removing heavy 

metals and specially to segregate target ions selectively from a mixed solution. However, as 

the disadvantages of this process, it is important to consider the initial cost and the maintenance 

and the operation costs.64 Figure 2.2 illustrates a diagrammatic representation of the setup of 

an ion flotation column.65 
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Figure 2.2 Schematic diagram of ion flotation column setup to remove heavy metals using 

surfactants.65 

2.2.5 Ozone Oxidation  

Since the 1990’s, the gas ozone, has been used as a water purification source, especially for 

degradation of toxic pollutants and disinfection due to its powerful oxidative properties. 

However, the efficiency of ozonisation is very low, resulting incomplete removal of 

contaminants and production of harmful secondary pollutants. Ozone oxidation could also 

produce harmful intermediates such as aldehydes and organic acids which are unable to further 

react with ozone. 66. Moreover, the low solubility of ozone in water can elevate the operation 

cost due to the low efficiency. However, using a catalyst like hydrogen peroxide, carbon-based 

materials and metal oxides can overcome the above-mentioned drawbacks up to a certain 

extent. Ozonisation can be used to degrade and remove contaminants such as phenols, dyes, 

pharmaceuticals and other organic pollutants.67 

2.2.6 Biological Wastewater Treatment 

A centuries old process which uses different types of microorganisms to breakdown and 

degrade the organic matters. This process can be classified in to two different categories; 

anaerobic digestion which uses microorganisms in the absence of oxygen and aerobic digestion 

with both microorganisms and oxygen.  

In anaerobic digestion process, a mixture of acidogenic, acetogenic, and methanogenic bacteria 

are used to break down the monomers in to volatile acids and then the volatile acids in to simple 

molecules like carbon dioxide, methane, hydrogen and acetic acid via four main steps 
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hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Nonetheless, anaerobic digestion 

process is comparatively slow.68 For aerobic process, a mixture of heterotrophic 

microorganisms which utilises organic carbon compounds as the carbon source and autotrophic 

bacteria that uses inorganic carbon (CO2) as their carbon source. Conventional biological 

nitrogen removal process utilises nitrification and denitrification via aerobic digestion. 

Generally, in industrial plants both processes are in use (anaerobic followed by aerobic) due to 

the high oxygen demand and process time required by aerobic digestion. Moreover, biological 

wastewater treatment methods can be disadvantageous due to the fact that these processes are 

able to produce some unwanted microorganisms in the medium, the process can change the 

physiochemical properties of water and also the cost to create a suitable environment for the 

process.69 

 

2.2.7 Electrochemical Oxidation Method 

Among electrochemical-based processes including electrocoagulation, electrochemical 

membrane filtration, electro-Fenton reaction and to name a few, electrochemical oxidation 

method is considered as one of the most efficient removal methods, though high energy 

involving electrons transfer reactions which can be either electrooxidation or 

electroreduction.70 This involves two electrodes, serving as an anode and cathode, connected 

to a power supply in the presence of an energy input and an appropriate supporting electrolyte 

(Figure 2.3). This setup facilitates the efficient generation of powerful oxidizing species 

(hydroxyl radical, superoxide radical, etc), which oxidise or reduce the pollutants at the 

electrodes.71 The mechanism of electrochemical oxidation can be primarily categorized into 

direct oxidation and indirect oxidation. Direct oxidation involves the direct transfer of 

electrons, leading to the oxidation of pollutants at the anode. On the other hand, indirect 

oxidation involves the creation of active species during the electrolytic reaction, and these 

species subsequently act upon the pollutants.72 This process is suitable for the removal of metal 

ions, as well as to remove complex organic matters via ring opening. In this regard, non-

biocompatible organic matters can be converted in to biocompatible organic, and then after a 

biological process is usually employed to degrade the produced biocompatible organics. 

However, this method exhibits certain drawbacks that need to be addressed. The primary 

concern is its high cost, and there is also the possibility of sludge deposition on the electrodes, 
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which can significantly reduce the electrode's lifespan and result in elevated energy 

consumption.62’73 

 

Figure 2.3 Schematic diagram of electrochemical oxidation setup. 

2.2.8 Adsorption 

Adsorption process have gained a widespread use in wastewater treatment due to its high 

efficiency, simplicity and cost effectiveness. This is a surface phenomenon in which a 

particular material (adsorbate) in the form of a solid/liquid or gas gets attached on to a solid 

(adsorbent) via a physical or a chemical bond. Therefore, adsorption process can be categorised 

in to two main groups; physisorption and chemisorption. In physisorption, the binding between 

the adsorbate and the adsorbent is governed by van der Waal’s forces where as in chemisorption 

it is the ionic or covalent bonds. Charged contaminants tend to get adsorbed on to the oppositely 

charged adsorbents through electrostatic forces while heavy metals, dyes and other organic 

pollutants exhibit a strong affinity towards surface hydroxyl groups or other functional groups, 

which facilitate the adsorption.74  

Adsorption process typically involve three distinct, sequential steps; transportation of the 

pollutant material to the adsorbent surface from the bulk solution, adsorption on to the solid 

surface and the transport within the adsorbent material (Figure 2.4). The porosity, pore sizes, 

the surface area of the adsorbent material and other physical properties of both adsorbent and 

the adsorbate can control the adsorption of the adsorbate molecules. Moreover, temperature, 

pH, contact time, concentrations of both adsorbates and adsorbents and presence of other 

pollutants can affect the adsorption process.75 In many instances, adsorption is a reversible 
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process followed by desorption where adsorbate molecules detach from the adsorbent surface, 

which makes an adsorbent to be regenerated and reused multiple times. This characteristic 

makes adsorption, a cost-effective method.76 

 

Figure 2.4 Major steps of an adsorption mechanism. 

To evaluate the interactions between the adsorbate and adsorbent at equilibrium at a constant 

temperature, a set of mathematical formula; isotherms have been defined such as Freundlich, 

Langmuir, Temkin, Sips, Flory-Huggins, and others.77  There are two mainly used isotherms; 

the Langmuir isotherm, which describes the monolayer adsorption and the Freundlich 

isotherm, which is based on multi-layer adsorption as depicted in Figure 2.5. By analysing the 

data obtained from these models, the adsorption mechanism can be determined.78 Moreover, 

intra-particle diffusion mechanism is used to understand the adsorption process, investigating 

the diffusion and mass transfer steps. In adsorption, adsorbent material plays a major role. 

Materials with high surface and/or with high functional groups/active sites are generally used 

as adsorbents to retain contaminants on the surface. The most commonly used conventional 

adsorbent materials are activated carbon, zeolites, silica gel, activated alumina, mineral clay, 

and some polymers such as chitosan, cellulose, and polyaniline.79  

 

Figure 2.5 A schematic diagram representing monolayer and multilayer adsorption. 
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Furthermore, not only for the wastewater treatments, but this method has also been identified 

as one of the best methods to remove general indoor VOC pollutants and toxic gases. As an 

example, activated carbon has been used for indoor heating, ventilation and air-conditioning 

systems.80 But same material in ‘filtration’, means the adsorption can saturate quickly and then 

the adsorbent becomes a place for harmful pathogens to grow. The adsorbents need to be 

replaced frequently as a result. Also, not all pollutants are adsorbed and adsorbed VOC can 

generate secondary pollutants by reacting with ozone.22, 81 

2.2.9 Photocatalytic Oxidation  

Photocatalytic oxidation (PCO) has become one of the promising water treatment technologies 

due to its ability to completely decompose a wide variety of water pollutants. Moreover, this 

process has gained a huge attraction of the research world as it is being simple, identified as a 

green and environmentally-friendly procedure, no formation of sludge, no or less formation of 

by-products and being able to perform at room temperature.25 PCO encompasses a 

semiconductor like TiO2, ZnO, CdS and ZnS and a light source producing free radicals which 

can break down and degrade toxic pollutants and pathogens in water.82 The mechanism of PCO 

could be explained as below.  

This mechanism operates through a series of oxidative and reductive reactions taking place on 

the surface of the photocatalyst (PC). Semiconductors consist of highest occupied molecular 

orbital (HOMO) which is equivalent to the valence band in MO theory and lowest unoccupied 

molecular orbital (LUMO) which is the conduction band. The energy gap between these two 

orbitals is known as the band gap. Upon irradiating the semiconductor/catalyst with light, the 

catalyst can absorb photons with energy similar to or higher than that of band gap which will 

facilitate electrons to excite from the valence band to the conduction band, creating holes on 

the valence band and electrons on the conduction band. Subsequently, the formed electron-hole 

pairs will migrate to the catalyst surface, engaging in variety of oxidation-reduction reactions 

as shown below. Photogenerated holes will oxidise water to form hydroxyl radicals as in the 

given reactions, while electrons reduce the oxygen molecules, yielding superoxide radicals. 

Due to the high oxidizable nature of these radicals, they can react with pollutants and mineralise 

the organic pollutants, degrade other toxic contaminants and kill pathogens in water (Figure 

2.6).83  
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                                                    PC + hµ                    e- + h+ 

                                                     e- + O2                       ̇O2¯ 

                                                                             ·O2¯ + H+                  ·OOH 

                                                   2 ·OOH                O2 + H2O2 

                                                   H2O2 +  ·O2¯                OH¯ + ·OH + O2 

                                                   H2O2 + hµ                    2 ·OH 

                                                   h+ + H2O                  ·OH + H+ 

                                                   h+ + OH¯                ·OH 

      Pollutants + (·OH/ e- / h+/ ·OOH /  ·O2¯)                degradation products 

During this process, the highly reactive electron-hole pairs with a short lifetime can undergo 

recombination, impeding the efficiency of photocatalytic rate.84 However, this issue can be 

addressed by implementing necessary protocols such as incorporating a suitable material to the 

photocatalyst and this will be further discussed in subsequent sections of this chapter.  

 

Figure 2.6 General mechanism of removing air pollutants using PCO. 

2.2.10 Combined Systems 

In order to address the issues with a wide variety of pollutants, researches have been developing 

combined systems to enhance the removal efficiency.85 Several of these systems include 

plasma-catalytic hybrid systems, biological process-photocatalytic oxidation hybrid systems, 

adsorption-photocatalysis hybrid systems and biological process-adsorption hybrid systems. 
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Among these, adsorption-photocatalysis hybrid systems have emerged as one of the most 

efficient systems as this coupling can enhance the physiochemical properties of the combined 

system, boosting the pollutant removal efficiency. 86 In this scenario, the adsorbent can retain 

pollutants on the surface while the photocatalyst can degrade the pollutants. Table 2.1 provides 

a summary of various hybrid systems reported in the literature. 

2.3 Adsorbent Materials 

In numerous separation processes, the effectiveness of separation mainly relies on the presence 

of a mass separating agent which is commonly known as an adsorbent. Adsorption is 

recognised as one of the most effective separation methods in wastewater treatment. Therefore, 

the quality of the adsorbent directly affects the performance of the adsorption process. In this 

regard, the initial and the most crucial step is towards an efficient adsorption is to explore and 

identify the most suitable adsorbent which possesses a high selectivity, adsorption capacity, 

and functional groups.87   

Table 2.1 Examples of hybrid systems and their target pollutant applications 

Hybrid system used Targeted pollutants 

Plasma-catalytic hybrid system Phenol88, Oxytetracycline89,  

Photocatalytic-biological process hybrid system 2,4-dinitrotoluene90, Phenol91, Reactive Black 
5 and Reactive Yellow 8692, C16 alkane93 

Ultrasound-adsorption-membrane ultrafiltration 
hybrid system 

Diclofenac, Carbamazepine, Amoxicillin94 

Bio-ozone hybrid system Pharmaceuticals stock solution consists of 
caffeine, carbamazepine, diclofenac, 
gemfibrozil, ibuprofen, metoprolol, naproxen, 
sulfamethoxazole and trimethoprim95 

Electro-coagulation-forward osmosis hybrid system Oil96 

Electrochemical-photocatalytic hybrid system Eriochrome Black T dye97 

Electrocoagulation-photocatalytic hybrid system Petrolium98 

Bio-electrochemical hybrid system Congo red99, Reduction of Nitrobenzene to 
Aniline100, Methyl orange101 

Adsorptive photocatalytic hybrid system Methylene Blue102’103, Pathogens,104 
Tetracycline105’106, Crystal violet107, Methyl 
orange108 
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When selecting an adsorbent material, it is essential to have a comprehensive knowledge of its 

chemical structure and properties of the material, types of the pollutants to be targeted and as 

well as the potential mechanism involved. Moreover, there are other important properties of an 

adsorbent to be considered. 109  

1. Environmentally friendliness, 

2. Cost effectiveness, 

3. Being readily available, 

4. Being able to withstand in critical conditions (higher humidity, higher temperature), 

5. Limited degradability, and 

6. Absence of any health effects or discomforts. 

Taking above mentioned properties into account, a number of materials have been introduced 

as adsorbents for wastewater treatment - polymeric substances, carbon-based materials, metal 

oxides, nanomaterials and metal organic frameworks (MOFs) as some examples.110 Table 2.2 

Examples for common adsorbent materials and their properties Table 2.2 provides a list of 

examples of adsorbent materials and their respective properties. 

Table 2.2 Examples for common adsorbent materials and their properties 

Adsorbent material Properties References 

Carbon nanotubes High surface area, adsorption capacity, tensile 

strength, hydrophobicity-excellent candidate for 

humid environment, easy to modify. 

111
’
112
’
113 

Graphene oxide Rich oxygen containing groups, high surface area, 

low density. Able to form strong interactions with 

polar substances, being a versatile material, owning 

fast kinetics 

114
’
115
’
116 

Activated carbon High surface area, porosity, adsorption capacity, 

easy to synthesise from abundant carbonaceous 

sources like wood, coal, and various agricultural 

wastes 

117
’
118 
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Metal-organic frameworks 

(MOF’s) 

Having a highly porous structure, high thermal and 

chemical stability, rich in functional groups, easy to 

fabricate. 

119
’
120
’
121 

Synthetic polymers (eg: 

polyacrylonitrile, 

polyacrylamide, 

polyvinylacetate) 

stable chemical and thermal properties, controllable 

fluid properties, long durability, easy to fabricate, 

rich in functional groups. 

122
’
123 

Natural polymers (eg: 

cellulose, chitosan, gelatin, 

soy protein etc) 

Rich in functional groups, highly abundant in the 

nature, sustainable replacement for synthetic 

polymers, biodegradable, cost effective, high 

adsorption capacity, high degree of crystallinity and 

broad possibility of surface modification.  

124
’
125 

 

Most industrial water adsorbents are made of low environmental-friendly, chemically 

synthesised or petroleum-based materials110, 126 In addition to that some materials require a 

high temperature, energy and pre-treatments steps to synthesize which elevates the cost of the 

process along with the price of the adsorbents. Some synthetic processes cause serious safety 

issues.124 Therefore, new approaches that help develop new materials to overcome these 

limitations are desirable to the industry. On the other hand, recent research has proven that 

natural adsorbents including polymers have become a prominent alternative to synthesised 

adsorbents.40, 127  

Nowadays, several natural polymers including cellulose, chitosan,128 gelatin,129 starch, alginate 

to name a few are being used as adsorbents.. Even if cellulose is the most abundant natural 

polymer, it faces challenges due to its limited water solubility and low adsorption capacity. 

Therefore, recent researches have been more focused on enhancing the properties of cellulose 

by introducing diverse functional groups like carboxyl groups, amine groups and amide groups 

to it and incorporating various materials.130  But some processes employed for this can leave  

unreacted monomers and initiators which are toxic in the system. Therefore, synthesis of CMC 

has gained a significant attention as it is easy and cost effective.131 
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2.3.1 Carboxymethyl Cellulose 

Cellulose is a macromolecule with linked anhydroglucose units by β-1,4-glycosidic bonds.132 

When cellulose is converted to CMC, free hydroxyl groups are completely or partially 

substituted by carboxymethyl groups, represented by OR in Figure 2.7. This replacement leads 

to loss the possibility of having a sheet like structure in CMC because of steric and electrostatic 

interactions. However,  CMC, being a cellulose derivative, contains the properties of its main 

structure such as, orientation of the bigger constituent groups in the equatorial plane, rigidity 

of glucose units and impossible to rotate about C ̶ O ̶ C bond.133 

 

Figure 2.7 CMC monomer (R stands for  ̶ H for cellulose; R =  ̶ CH2CO2Na for CMC). 

Carboxymethylation is one of the simplest and most attractive ways of modifying 

polysaccharides as the final products will have numerous promising properties, including being 

a polyelectrolyte. Carboxymethylation is usually achieved via a Williamson ether synthesis 

with the use of aqueous alkali hydroxide (mostly NaOH) for the alkali cellulose treatment as 

the first step and monochloroacetic acid or its sodium salt for esterification step which is the 

second step as illustrated in Figure 2.8.42  CMC was initially synthesised in 1918, and was 

synthesised commercially for the first time in 1935 at IG Farbenindustrie AG in Germany.42, 

134 CMC can be synthesised from many plant materials, bacteria that produce cellulose and 

many waste materials.  For example,  synthesised CMC using sago waste produced from the 

oil palm industry in SE Asia,135 while Haleem et. al have used cotton gin waste to produce 

CMC.136 Moreover, materials like alpha-cellulose, cavendish banana pseudo stem, Boaobab 

fruit shell and rice stubble have been reported as raw materials for synthesising CMC.137, 138   
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Figure 2.8 Conversion of cellulose in to sodium CMC. 

The amount of substitution is defined by the term ‘Degree of Substitution’ (DS). DS represents 

the average number of hydroxyls that have been replaced per monomer unit. The range of DS 

values typically varies from 0-3. For instance, when all free hydroxyl groups are substituted, 

the DS reaches its maximum, three.139 However, it has been found that DS usually doesn’t 

usually exceed two because the CH2COOH groups distribute randomly along the polymer 

chain and as the substitution increases steric hinderance starts to play a dominant role in 

shaping the structure. The DS is making CMC available in a range of molecular weight 

spanning from 90,000 to 200,000 g/mol. The degree of uniformity of the derivatisation is one 

of the main important facts that explains the behaviour of CMC in solution. Therefore, this 

non-uniformity of the distribution of   ̶ CH2COOH groups causes CMC to have a thixotropic 

behaviour in solution.140 When DS ≤ 0.3, CMC is not water soluble and alkaline solutions can 

be used as solvent. When DS is from 0.3- 0.6, CMC is partially soluble in water and DS from 

0.7-1.0, completely soluble in water. That indicates, higher carboxymethyl groups substituted, 

higher the solubility in water, lower the viscosity.141 Wang et al. have identified that CMC has 

a helical structure in both bulk and water through simulation studies and in water that helical 

structure is more stretched (Figure 2.9).142 
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Figure 2.9 Computer simulated structure of CMC in aqueous environment (a) latitudinal view 

(b) longitudinal view of CMC molecule in aqueous solution. 

 

The solubility of CMC is also influenced by its nature as a polyelectrolyte including its 

characteristics such as, the charge density and the electric properties. Moreover, the properties 

of CMC depend on other various factors like average chain length, molecular weight, degree 

of substitution and concentration of counter ions etc.134  Majority of the commercial CMC is 

in the form of sodium salt and its general chemical formula is as given below: 

[C6H7O(OH)x(OCH2COOH)y]n 

Where:  ‘x’ is the number of remaining free hydroxyl groups 

                        ‘y’ is the degree of substitution 

                        ‘n’ is the degree of polymerization 

As each glucose monomer contains three free OH groups available, (x+y) = 3.134 

2.3.1.1 Applications of CMC 

CMC possess salient properties of: (i) biocompatibility; (ii) non-toxicity; (iii) biodegradability; 

(iv) hydrophilic properties; (v) low cost; (vi) renewable/recyclable; (vii) protection for proteins 

exposed to acids and heat;143 (viii) film forming properties; (ix) high efficiency with a low 

dosage; (x) ability to form gels with metal cations; (xi) easy to synthesise; (xii) rich in 

functional groups; (xiii) tuneable hydrophilicity and many more.144’145 These versatile 
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properties have made CMC a promising candidate in many applications such as drug delivery, 

paper industry, as an adhesive/binder, detergent, paint industry, textile industry and particularly 

the food industry.146 The applications of CMC mainly depend on the factors such as purity, 

degree of substitution, degree of polymerisation and uniformity as these factors significantly 

effect on the properties of end products. Different types of CMC are generally distinguished in 

to three main categories; food grade, pharmaceutical grade and industrial grade based on their 

purity levels and degree of substitution.147  

In the food industry, CMC is used as an auxiliary agent in various food products such as pet 

foods, protein foods, beverages, frozen desserts and syrups due to its excellent properties 

including tasteless, noncaloric, odourless and physiologically inert which are important factors 

to consider in food industry.148  The cosmetics industry is using CMC as a rheological modifier 

in shampoo and conditioners, an emulsifier in lotions facial masks, a delivery matrix if suns 

cream and a denature adhesive for denaturing treatments in dental cases.147 Moreover, its lower 

susceptibility towards microbial contaminations compared to other polymeric gelling agents 

means CMC has a long shelf life, which is an important property to develop self-care 

formulations.149 

CMC plays a vital role in drug delivery in pharmaceutical industry, especially for slow-

releasing drugs.150 It has been recognised as a highly reliable carrier for anti-cancer 

chemotherapy drugs. Not only that, CMC is used in ointments, syrups, tablet binders and 

wound dressing.134 Additionally, CMC is a potential candidate in 3D bioprinting in tissue 

engineering.141 Another important application of CMC is wastewater treatment which will be 

discussed later in this Chapter.   

Despite the above-mentioned advantageous properties of CMC, there are certain drawbacks to 

consider. For instance, the hygroscopic nature of CMC results in reducing the mechanical 

strength, biostability and shelf life. Furthermore, CMC shows a low adsorption capacity. To 

overcome these drawbacks, researches have explored several physical and chemical 

modifications including incorporating suitable materials in to CMC. Table 2.3 provides 

examples of modifications of CMC by grafting other chemicals.   
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Table 2.3 Examples for modification of CMC and their properties and applications. 

Modification Properties Applications 

Graphene oxide Strong ability to adsorb metal ions, can be used 
as a catalyst, high adsorption capacity, high 
reusability, biodegradability, cost effective 

Removal of metal ions, heavy 
metals, organic liquids, dyes and 
developing of memory devices 
151
’
130
’
152
’
153 

ZnO Formation of a hydrogel, high swelling rate, good 
antibacterial properties, 

Drug delivery, wound dressing, 

Fruit storage 146’154 

Carbon nanotubes Formation of an aerogel, high mechanical 
properties, high adsorption capacity 

Removal of oil, electronical 
applications 155’156 

Epichlorohydrin 
crosslinked 

High adsorption properties Dye removal 157 

Sodium alginate Barrier properties against UV light, effective 
antibacterial properties, high mechanical strength 

Cosmetics and pharmaceutical 
applications 158 

CuO High surface area, better photocatalytic and 
antimicrobial activity, high reusability 

Wastewater treatment 159 

Silk fibroin/ 
graphene oxide 

High thermal stability, cost effective Packaging industry 160 

MOF-5 High adsorption capacity and reusability Removal of Lead161 

Polyethylene glycol Biocompatibility, wound healing efficacy Wound dressing 162 

Dextran sulfate High adsorption capacity, reusable, eco-friendly Removal of MB 163 

Polyethylene glycol/ 
montmorillonite clay 

High thermal stability, adsorption properties Wastewater treatment and 
pharmaceutical industry164 

In addition to above mentioned materials, and critical to this thesis, TiO2 is another candidate 

that can be incorporated to enhance the properties of CMC. However, as to our knowledge 

limited research has been conducted specifically on the composites of CMC and TiO2. Since 

this project focuses solely on developing composite using CMC and TiO2 only, the structure 

and properties of TiO2 will be discussed in the coming subsections.   

 

 



27 
 

2.4 TiO2 

With the discovery of titanium dioxide in 1791 by William Gregor in the black magnetic sand 

found in Cornwall and the isolation of the titanium oxide from the rutile mineral in 1795 by 

M.H. Klaproth in Hungary, TiO2 has become the most studied metal oxide semiconductor and 

photocatalyst.165 This metal oxide naturally exists in three main polymorphs, identified as 

anatase, rutile and brookite which are based on their crystalline arrangements (Figure 2.10).166  

Both anatase and rutile show tetragonal crystal forms while brookite owns a rhombohedral 

crystal form. All these forms of TiO2 have been made up of distorted TiO6 octahedral building 

blocks in which Ti4+ is surrounded by 6 oxygen atoms, therefore, Ti-O bond plays a vital role 

in the properties of different TiO2 forms. The formation of anatase takes place via sharing of 

corners of TiO6 octahedral unit, while rutile is formed through sharing of edges and in brookite, 

both edges and corners are shared.167  

 

Figure 2.10 Crystal structures of the polymorphs of TiO2.168 

Of the polymorphs of TiO2, rutile is the thermodynamically most stable and naturally abundant 

polymorph while the other two are metastable and readily transform to the rutile form upon 

heating. However, in the nanoscale range, anatase and brookite are more stable due to the low 

surface area and transformation to rutile is possible only after reaching a certain ‘nano-size’.26, 

169’170  Anatase is the most active polymorph in both photocatalysis and photoelectrochemical 

studies. The main reason behind this can likely be attributed to the higher fermi levels of 

anatase compared to rutile. Anatase shows a very low electron-hole recombination due to 

having an indirect band gap and high concentration of oxygen vacancies compared to other two 
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polymorphs.171 Moreover, the surface area of anatase is higher than rutile, creating more active 

sites on nanocrystals, and also the larger band gap of anatase makes its redox capability a 

slightly higher than that of rutile.172 

Evonik Aeroxide P25 (Degussa P25) is a type of commercial titania nanoparticle which is 

synthesized through a pyrolysis process using TiCl4. Aeroxide was first synthesized in early 

1980’s and it is a multiphasic nanostructured titania which contains 80-90% of anatase, small 

amount of rutile and some amorphous titania. Aeroxide is widely used as a photocatalyst, 

catalyst supporter and a heat stabilizer due to its unique properties such as high quantum 

efficiency and photocatalytic activity, high chemical purity, relatively broad light absorption, 

low aggregation and excellent dispersion especially in liquid media.173, 174  Based on 

experimental analysis, many structures have been proposed for Degussa p25 (Figure 2.11). The 

first image box (A) in Figure 2.7 shows that according to the results from transition electron 

microscopy (TEM) anatase and rutile remain separated without forming a heterojunction 

between them. However, as in the second image box (B), some researchers have observed 

mixed particles, in the structure of P25; mostly anatase covered from a thin layer of rutile. 

Further, some research outputs indicate that anatase and rutile in Degussa p25 have inter-

particle contact as in image box C.173, 175 

 

Figure 2.11 The possible microstructures in p25173 

 

2.4.1 Synthesis of TiO2 

Various types of synthesis methods including sol-gel, sol, hydrothermal, solvothermal, 

sonochemical, microwave, chemical vapour deposition (CVD) and solid state reactions, have 

been employed to synthesis TiO2 nanoparticles depending on the desired properties such as the 
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particle size, morphology, purity, and the applications.176  All these methods use a titanium 

precursor, such as titanium tetrachloride, titanium butoxide and titanium isopropoxide, as the 

starting material.177 This section will provide a brief overview of some common methods used 

in TiO2 synthesis.  

1. Sol-gel method – This method involves hydrolysis of a titanium precursor followed by 

formation of a gel and subsequently that gel will be dried and calcinated to achieve 

crystallinity. Sol-gel method has been identified as a simple process which is able to 

synthesise a diverse range of products such as fibres, powders and coatings with a good 

chemical homogeneity and high purity.178 However, there are some restrictions can be 

recognised in this method; formation of agglomerations which increases the particle 

size and possible formation of secondary pollutants.179  

2. Hydrothermal and solvothermal methods – These are two processes which share 

many similarities, except the fact that hydrothermal method utilises aqueous solvents 

while solvothermal method employs non-aqueous solvents. Both processes involve a 

reaction at a considerable pressure and temperature in an isolated system or 

autoclave.180 These processes are known as versatile methods to prepare highly 

crystalline TiO2 nanoparticles with high purity and less agglomeration. Moreover, these 

methods are able to save processing time, energy and cost as these are one step synthesis 

processes and post-synthesis calcination/sintering process is not required.181 

Hydrothermal and solvothermal processes have traditionally been recognised as high 

temperature, high pressure, energy-intensive and costly processes, however, recently 

researches have done many experiments to synthesise TiO2 at a low temperature using 

these two methods. Additionally, these are potential methods to synthesise TiO2 with 

different structures, morphologies, and compositions by changing the synthesis 

parameters. Among these two methods, hydrothermal process has gained the priority 

as it uses water as the solvent.182  

3. Microwave-assisted method – This novel method has a gained a considerable 

attraction due to its simplicity as the reaction can be conducted at atmospheric pressure 

in a domestic microwave oven which results in a high yield of the product with a high 

crystallinity, a high purity and less aggregation within a short period of time.183 In this 

process, microwave energy serves as a catalyst in promoting the nucleation and crystal 

growth of TiO2, leading to a more controlled synthesis process compared to 
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conventional methods. This method contains the ability to achieve the desired particle 

sizes and morphologies.184 Despite the above-mentioned advantages, some drawbacks 

are there in this method; possible temperature variations and even heating can affect the 

growth of TiO2 nanoparticles and not being able to scale up the production with 

microwave-assisted synthesis.185 

4. Chemical-vapour deposition (CVD) - This method uses volatile precursors which will 

undergo a thermal decomposition or react in vacuum chamber.  The properties of the 

product can be alternated by changing the temperature, pressure, and the composition 

of the reactant gas mixture.186 CVD is well known for the ability of getting a 

homogeneous film on various substrates, controlling the thickness of the film, and 

potential for the large-scale production. In contrast, it has some limitations, such as 

highly costly and high temperature and specialised instruments required.187 

5. Sonochemical synthesis – This method utilises ultrasound waves in the range of 20-

100 kHz that promotes the rapid nucleation and growth of TiO2 particles via acoustic 

cavitation which implies the formation, growth and subsequent collapse of a bubble in 

the liquid. This abrupt collapse generates extreme conditions such as high pressure and 

temperature, shockwaves and microjets causing the breakage of chemical bonds.188 

This method presents some notable advantages such as being able to carry out the 

process at a low temperature without any harsh chemicals, having a homogeneous 

distribution, rapid and efficient reaction kinetics and less agglomeration. However, 

sonochemical method requires careful optimisation of the necessary parameters.28’189  

2.4.1.1 Combined Methods 

As discussed in Section 2.2.3, combined systems can be developed to minimise the drawbacks 

arouse from a single method and to improve the efficiency of the synthetic process. Report 

suggest that combining sol-gel method with other methods like hydrothermal, solvothermal 

and microwave assisted method, could possess high surface area and also enhance the 

photocatalytic activity even under visible light range.190 Yang et. al. have successfully 

synthesised amorphous-mesoporous TiO2 with a high surface area using integrated sol-

gel/solvothermal for the removal of Sb(III) in aqueous solution.191 Imoisili et. al. have 

combined microwave assisted synthesis method with sol-gel method to produce V and Ag co-

doped TiO2 which shows an amazing photocatalytic activity in removal of both MO and MB 

dyes within 60 minutes.185 Moreover, it has been evident that these combined systems can 
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minimise the aggregation between particles, lower the working temperature and increase the 

crystallinity.192’193 Furthermore, a solvothermal-pyrolysis system has been developed to 

synthesise ZnO-biochar composite for the removal of perrhenate and pertechnetate in 

radioactive effluents.194 Netarajan and his group have used sol-gel/hydrothermal combined 

system to develop bismuth doped TiO2 nanotubes for the degradation of rhodamine B dye 

under sunlight.195 In addition to that, a system of sol-gel/ pyrolysis has been used to synthesise 

(MnFe2)4/magnetic biochar composite to remove diclofenac sodium.196 In this thesis, for the 

second part sol-gel/hydrothermal integrated system was used to immobilise TiO2 in CMC 

polymer matrix.  

2.4.2 TiO2 as a Photocatalyst  

With the discovery made by Fujishima and Honda in 1972 on the photolysis of water on TiO2 

electrodes, titania has gained a greater awareness in various applications.197, 198 Titania’s high 

surface area with higher density of localised states leads to a better photocatalytic activity. 

Titania has a wide band gap and the radiation is normally in the UV region (290-380 nm). The 

general photocatalysis mechanism of titania is as same as what has been discussed in Section 

2.2.2. 

 

Figure 2.12 Schematic diagram of the bands of TiO2 with UV irradiation. 

Once titania is irradiated with a suitable wavelength as it can exceed the band gap, 

photoexcitation can take place and photogenerated holes can facilitate the oxidation reaction 

while electrons facilitate the reduction. This reaction involves many steps including charge 

carrier generation, separation, recombination, and surface capturing of photogenerated 

electrons and hole pairs. The following chemical equations depict the reactions of TiO2 

involved in photocatalysis:  
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TiO2 + hѵ                         TiO2 (e-, h+) 

TiO2 (h+) + RXads  TiO2 + RXads .+ 

TiO2 (h+) + H2Oads   TiO2 + OHads. + H+ 

TiO2 (h+) + OHads-   TiO2 + OHads. 

TiO2 (e-) + O2,ads  TiO2 + O2.- 

TiO2 (e-) + H2O2,ads       TiO2 + OH- + OHads. 

Various reactions can take place during photocatalysis including oxidative cleavages, 

substitutions, polymerisations, oxidations, condensations, reductions, geometric and valence 

isomerisations.26, 197, 199 

The charge separation of TiO2 takes place promptly after the generation upon light irradiation. 

In anatase, generated electrons transfer to the 101 face which acts as the reduction face while 

the generated holes move to 001 face on which the oxidation sites are located.200 However, 

approximately 90% of the generated electrons and holes recombine immediately after their 

separation. Consequently, the remaining separated electrons and holes can be effectively used 

in the photocatalysis process.201 In addition to that, charge trapping can take place in the 

photocatalysis process, especially during electron relaxation. In here, the charges can be 

trapped in different trap sites such as the surface, defects, impurities, and other localised energy 

levels which makes charges immobilise. These phenomena hinder the overall efficiency of 

TiO2.202 

The physicochemical properties of TiO2, which are influenced by a number of factors including 

morphology, porosity, surface area, preparation technique, particle size, and ratio of 

polymorphs have a considerable impact on its applications.203 Out of the three major 

polymorphs of titania, anatase has the largest band gap and the highest photocatalytic activity 

(Anatase 3.2 eV, Rutile 3.0 eV, Brukite 2.96 eV) as mentioned in Section 2.4.204 However, 

there are some significant drawbacks of titania which can restrict its role as a photocatalyst. 

These advantages include a wide band gap, poor sunlight absorption and considerably high 

electron-hole recombination. As a result, extensive research is being conducted to address these 

issues and narrow the band gap of titania to upgrade its performance in visible range.205 
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2.4.3 Modification Strategies of TiO2 

To overcome the above-mentioned disadvantages of TiO2, a number of strategies have been 

experimented and implemented according to the requirements of the applications.  

2.4.3.1 Doping  

This technique involves introducing a foreign material like metals and non-metals to the TiO2 

lattice by chemical or physical means to improve the electronic and optical properties of TiO2. 

These foreign materials can enhance the properties of TiO2 in three ways;  

I. Narrowing the band gap by inducing an impurity state/mid-gap state within the 

band gap. This helps to extend the photocatalytic activity of TiO2 towards the 

visible light range.199 

II. Improving the charge carrier separation by increasing the mobility of charge 

carriers and reducing the charge trapping. This improves the conductivity of 

TiO2 through increasing the mobility of charge carriers.206 

III. Increasing the surface area and active sites for the adsorbents.207 

Dopants are categorised into metals and non-metals and metals into transition metals, noble 

metals and rare earth metals. The commonly used dopants under the afore-mentioned 

categories are shown in Figure 2.13.208’209’210’83’211 

 

Figure 2.13 Classification of dopants for TiO2. 
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Fe, Cu, Cr, 
Mn, V, Ni, 
Zn, Co  
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Figure 2.14 illustrates the molecular orbital diagram of anatase. Metal dopants can downward 

shift in the conduction band while non-metals are able to increase the valence band which is 

called upward shifting. The shift occurs as the energy levels of the dopants can create 

alternative pathways for electrons to transfer. As a result, the fermi levels of the doped TiO2 

experience a downward or an upward shift.212’213  

 

Figure 2.14 Molecular-orbital bonding diagram of anatase.214 

When incorporating rare earth metals, partially filled 4f orbitals of rare earth metals can interact 

with the electronic states of TiO2. These 4f orbitals possess energy levels which fall within 

TiO2 band gap, resulting in band gaps known as mid-gap/impurity states. Figure 2.15 depicts 

band gap changes with dopants.83’215 

 

Figure 2.15 Schematic diagram of changes of TiO2 band gap with the dopants (a) Undoped 

TiO2, (b) downward shift (c) upward shift (d) mid-states. 
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Various doping combinations such as metal/metal, non-metal/non-metal and metal/non-metal 

have been discovered to enhance the properties of TiO2.216 Table 2.4 summarises some of 

previous research outcomes that employed doping techniques to modify TiO2.  

2.4.3.2 Semiconductor-TiO2 Heterojunctions  

Creating heterojunctions has emerged as a highly promising technique to enhance the 

photocatalytic performances of TiO2 based materials as it is believed that a well-defined 

junction facilitates efficient charge transfer and suppress the recombination of photogenerated 

electrons and pairs.217 In this scenario, electrons-holes pairs are generated both TiO2 and 

incorporated semiconductor through photo excitation. There are three types of heterojunctions 

have been identified between TiO2 and the other semiconductor (Figure 2.16):218  

I. Type I – The two semiconductors should be either p-type or n-type. The conduction 

band of the second semiconductor should be higher than that of the first semiconductor 

while the valence band should be lower than that of the first semiconductor resulting 

both electrons and holes transfer from second semiconductor to the first one.  

II. Type II – In this setup, electrons will transfer from second semiconductor to the first 

one while the holes will transfer from the first one to second one.  

III. Type III – The electrons and holes transferring is similar to type II but a large gap 

between CB and VB can be identified. This requires a large driving force for the 

generated charges to transfer. 

Table 2.4 Examples for different TiO2 dopants and applications of the final composite 

Photocatalyst Application References 

Cu2+, Cu+ - TiO2 Solar applications 219 

F-TiO2 Bio imaging, energy and environmental cleaning 220 

N, S-TiO2 MB degradation under visible light 221 

W-TiO2 Degradation of resazurin redox dye under visible light 222 

Ta-TiO2 Photoanodes for sunlight-driven 
photoelectrochemical water-splitting 

223 
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In-TiO2 Photocatalytic reduction of CO2 224

Zn-TiO2 Photovolatic and photocatalytic applications 225

Cr, N- TiO2 An alternative method of reducing power losses and 
threshold voltage 

226

Cu, F-TiO2 Degradation of MO under visible light 227

Pr, Fe-TiO2 Degradation of Acid Orange 7 azo dye and phenol 
under visible light 

228

Co, Zn – TiO2 Degradation of Rhodamine B dye under visible light 229

C, N – TiO2 Degradation of MB under visible light 230

B, N, F – TiO2 Reduction of Cr(IV) and oxidation of benzoic acid 231

Semiconductors such as CdS, WO3, ZnO, MoS2, NiO, CeO2 are frequently used to develop 

semiconductor-TiO2 heterojunction.232 Li et al. have synthesised a CdS-TiO2 heterostructure 

composite which can be activated under visible light and this composite is a potential candidate 

to degrade tetracycline hydrochloride.233 Moreover, BiVO4 is a promising semiconductor 

material to construct a heterojunction with TiO2 in order to extend titania’s activity to visible 

light spectrum. These BiVO4-TiO2 composites have shown a great potential for applications 

like degradation of methylene blue degradation and Rh B dye234, as well as in photovoltaics 

and sensing applications.235 

Figure 2.16 Different types of semiconductor heterojunctions. 
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2.4.3.3 Dye Sensitisation  

The use of organic dyes which can absorb visible light has become a promising strategy to 

narrow the band gap of TiO2. During this process, dye molecules are initially adsorbed on to 

the surface of TiO2 and then upon irradiation electrons of the dye molecules are transferred to 

the conduction band of TiO2. This phenomena helps to separate the photogenerated charges, 

thus increase the photocatalytic activity of TiO2.236 To be considered as a suitable candidate as 

a dye sensitisation, a dye should possess some specific characteristics such as having effective 

anchoring groups (phosphonic acids, carboxylic acids, esters, and ethers, etc.) to form strong 

interactions with TiO2 and energy levels and the redox potentials in the ground state of the dye 

should be well aligned with those of TiO2.232    

There are two main approaches where dye-sensitised TiO2 is used; dye-sensitised solar cells 

(DSC) and dye-sensitised photocatalysis (DSP). In DSC, a photovoltage is generated upon 

photoexcitation of the anchored dye and then subsequently charges are being transferred as 

discussed above.237 Cho et al. studied the degradation of carbon tetrachloride using a dye-

sensitised TiO2 under visible light using a tris(4,4′-dicarboxy-2,2′-bipyridyl) ruthenium(II) dye 

complex to modify TiO2.238 There is some research which has used natural pigments for the 

dye sensitisation process. Patterson et al. had used 22 different tropical plants to extract the 

natural pigments and then use those pigments to modify TiO2 for the removal ibuprofen, 

famotidine, warfarin, trimethoprim, and metoprolol. Out of those 22 natural pigments, the 

Begonia extraction had given the best results as an outstanding dye for sensitisation 

processes.239  Other strategies including cocatalysts, surface modification and defect formation 

have been used to modify the properties of TiO2.240 

2.4.4 TiO2 with Biopolymers 

As discussed in section 2.4.3, the properties of a support material for TiO2 is highly important 

to enhance applications. Biochar, biopolymers, silicates, clays, and glass plates are commonly 

used supporting agents with different photocatalysts to develop hybrid materials.241 Among 

commonly used supports, the use of biopolymers to enhance the properties of TiO2 has emerged 

as an outstanding technique as the biopolymers including starch, cellulose, alginate, CMC and 

chitosan provide numerous advantageous such as being biocompatible, cost-effective, highly 

abundant, and able to engineer the TiO2 band gap easily.242, 243 Moreover, another major reason 

for the attraction towards TiO2-biopolymer combination is the synergistic effect from both 

chemical and physical interactions between inorganic and organic materials.244  
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Goudarzi et al. have synthesised an ecofriendly, UV shielding material with the use of starch 

and TiO2245 and recently extended the technology to a photo-producible and photo-degradable 

starch-TiO2 bionanocomposite.243 Other research has studied the photo-degradable properties 

of alginate-TiO2 bionanocomposites and were able to discover a fast, convenient and 

environmental-friendly method to recover the photocatalyst used and this composite can be 

used in waste water treatment.246 Moreover, there is some literature on the excellent 

antibacterial and heavy metal adsorption properties of cellulose-TiO2 bionanocomposites.247 

In the aqueous media, TiO2 exists as the Lewis acid Ti(OH)4 and the hydroxyl groups can 

interact to the hydroxyl groups of cellulose by forming H bonds.248 On drying or dehydration, 

permanent covalent bonds can be formed between Ti and O and cellulose as shown in Figure 

2.17.248, 249  CMC can also react with TiO2 through the carboxyl groups in many ways (Figure 

2.18) including bidentate chelating, monodentate through CO, monodentate ester type and so 

on.250  

 

Figure 2.17 Formation of TiO2 on cellulose chain. 

 

Figure 2.18 Possible binding modes of carboxylic group and TiO2: (i) electrostatic interactions; 

(ii) and (iii) H bonding; (iv) ester-like linkage; (v) bidentate bridging; (vi) bidentate chelating. 
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For this project CMC was chosen to combine with TiO2, considering the exceptional properties 

of CMC, discussed in Section 2.3.1. In addition, CMC’s properties as a widely recognised 

surfactant and demonstrated use in synthesizing nanoparticles to have a homogeneous 

distribution by alleviating aggregation, appealed to this theses approach.251 Table 2.5 provides 

some examples for CMC-TiO2 bionanocomposites. 

2.4.5 TiO2 in Wastewater Treatment 

With the rising global effect due to the polluted water, a number of water treatment methods 

have emerged during past few decades. Among those methods, heterogeneous photocatalysis 

has been recognised as one of the most effective and environmentally-friendly methods as 

outlined in Chapter 1. This section will discuss the two main aspects of TiO2 as a potential 

material for wastewater treatment.  

Table 2.5 Examples for CMC-TiO2 bio nanocomposites, their properties and applications. 

TiO2 composite Properties and application Reference 

CMC/Ag/gelatin – TiO2 High stability and photocatalytic activity. 

Degradation of ammonia, ethanol and benzene 

252 

CMC - TiO2 Transport and deposition of anatase nanoparticles on 
environmental surfaces, Lower the TiO2 band gap 

253 

CMC/ HEC- TiO2 Hydrogel, high photocatalytic activity, enhanced 
properties to degrade methylene blue. 

254 

CMC/ polyaniline - TiO2 High surface area, reusability up to five cycles without 
a significant change in adsorption capacity, a potential 
candidate for the removal of congo red dye. 

255 

CMC UV shield, filtering visible light, prevent fogging 256 

CMC/ Miswak (Salvadora 
persica L.) extract 

High antibacterial properties, blocking UV 257 

Ag, CMC, laser induced 
graphene electrode– TiO2 

Improved hydrophilicity of the electrode. For a sensor 
to detect chloramphenicol in water 

258 

CMC, sodium 
montmorillonite – TiO2 

Potential of UV blocking, high mechanical strength, 
suitable for biodegradable packaging 

259 

Cu, CMC – TiO2 Strong antibacterial properties under visible light, able 
to delay banana browning, suitable for food packaging 

260 

CMC, PVA – TiO2 Possess antimicrobial properties, suitable for develop 
textile fabrics like cotton with antibacterial properties 

261 
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2.4.5.1 TiO2 as an antimicrobial agent 

Metal oxide antimicrobial agents including Ag, Ti, Cu and Zn have been utilised in the 

applications of antimicrobial activity. However, many of them face challenges in their 

performances like a limited spectrum of activity, potential toxicity concerns and negative 

impacts on the environment.262’263 Out of those metal oxides, TiO2 has gained a special 

attention due to its promising properties in terms of antimicrobial performance such as 

biocompatibility, chemical stability and durability, low risk of microbial resistance 

development, broad spectrum antimicrobial activity, being able to incorporate into many other 

materials easily and cost effectiveness.264 The antimicrobial properties of TiO2 were first 

reported by Matsunaga and co-workers, with the observation TiO2-Pt killed microbial cells in 

water when the catalyst was exposed to UV light.265  

Heterogeneous photocatalysis of TiO2 results in formation of many reactive oxygen species 

such as peroxide radicals, superoxide and hydroxyl radicals (O2.- and .OH) which possess the 

ability to either kill microbes or supress their growth.266 It has been also been proposed several 

methods for biocidal activity of photocatalyst since the anti-microbial mechanism via 

photocatalytic pathways are still not well understood. When TiO2 makes the first contact with 

the intact cell at the beginning of the process, photocatalytic oxidative damage takes place on 

the cell wall. This leads to the efflux of intracellular components which will cause the cell 

death. With the degradation of the outer membrane, the underlying cytoplasmic membrane also 

starts to experience oxidative damage. As well, peroxidation of polyunsaturated phospholipids 

in the cell membrane can be initiated by ROS.267  Both the hydroxyl free radical (·OH) and 

hydrogen peroxide (H2O2) can penetrate the cell walls and since ·OH is highly reactive, non-

selective and short-lived, it can break DNA strands leading to apoptosis. Both superoxide anion 

(·O2-) and H2O2 can act as precursors to form ·OH. Once the H2O2 penetrates the cell wall, it 

gets activated by ferrous ion (Fe2+) via the Fenton reaction as described in the following 

equations:265 

TiO2 (e-) + Fe3+                    Fe2+ 

Fe3+ + ·O2-                                         Fe2+  + O2 

Fe2+ + H2O2                          Fe3+ + ·OH + OH- 
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It has been reported that TiO2 has the ability to withstand harsh conditions like humidity. In a 

study by Khaiboullina et al., it was demonstrated that TiO2 nanoparticles maintain their ability 

to deactivate viruses even under extremely high humidity conditions. This finding suggests that 

TiO2 nanoparticles are suitable for coatings on outdoor surfaces. The research provided 

evidence that surfaces coated with TiO2 exhibit viral inactivation properties, even when 

exposed to dried virus droplets.268 Furthermore, higher antibacterial properties in polyethylene-

TiO2 composites have been observed by Yage et al.269 Successful antibacterial properties of 

TiO2 and graphene oxide have also been investigated by Wanag et al. and the composite could 

be activated under artificial solar light.270 Also they have found the negative charge of TiO2 

surface has changed into positive when incorporating with graphene oxide which improves the 

contact between TiO2 surface and E. coli surface, leading the compound to own higher anti-

microbial properties. Additionally, TiO2 modification using various chemicals such as Ag2O, 

BTO and Au to enhance the antibacterial properties have also been reported.199 There are 

several some other factors that affect the antibacterial effectiveness of TiO2. These factors 

include the specific type of TiO2, crystallinity, particle size, surface area, the concentration of 

TiO2 used, properties of the supporting agent of TiO2, and the intensity of the UV lamp used.271 

2.4.5.2 Degradation of Dyes 

The utilisation of dyes in industries like textiles, papermaking, photographic, cosmetics, 

plastics, pharmaceuticals and other chemical industries have become a great concern as they 

create a major environmental problem by releasing the dyes to the environment. Even a small 

quantity of dyes, (as low as <1 part per million) in water can be easily detected by the naked 

eye, making them a significant type of pollutant in wastewater. These dyes can result in a range 

of health issues like harm to organs, allergic reactions, reproductive problems and potential 

carcinogenic effects.272 

A compound can exhibit a colour, if only it can absorb light from the visible region. There are 

two main structural components of an organic dye which help to produce the colour:273 

I. Chromophore – This is considered as the active part of the dye, which can absorb 

light in the visible region. A Chromophore consists of an unsaturated group and it 

must be a part of a conjugated system. The common chromophore groups found in 

the dye molecules have been listed below. Nitro ( ̶ NO2), azo ( ̶ N=N ̶ ), nitroso (  ̶ 

N=O), thiocarbonyl (  ̶ C=S), carbonyl (  ̶ C=O), aromatics and alkanes (  ̶ C=C ̶ ).274 
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II. Auxochrome – This is the saturated group attached to the chromopore. An 

auxochrome can modify an enhance the properties of the chromophore, like 

intensifying the colour. These groups are generally electron donors and some 

common auxochrome groups are  ̶ OH,  ̶ NH2,  ̶ NO2,  ̶ NR2,  ̶ COOH and  ̶ SO3. 

They can be either acidic or basic.273’275 

Dyes can be categorised based on different factors such as their synthesis method, chemical 

structure, colour index, charges on the molecule, and the industrial application. The following 

chart in Figure 2.19 on dye classification was created based on literature reports.11 In addition 

to that dyes can be classified as anionic, cationic and non-ionic dyes, based on their general 

structure and charges on the molecules.276  

 

Figure 2.19 A classification of dyestuffs. 

As the use of dyes, particularly in the textile industry, continues to increase over time, it creates 

a significant global threat. Therefore, the removal of dyes becomes crucial for the preservation 

of the ecosystem. With that regard, heterogeneous photocatalysis has been proven as the most 

important method of removing dye because it is highly effective and environmental-friendly. 

This also extends to self-cleaning textiles, where stains can be removed by an activated 

textile.277, 278  Removal of dyes via photocatalysis can be classified in to four main groups 

depending on their final photocatalysis products:11 
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1. Photodecolourisation – This involves photocatalytic oxidation or photoreduction, 

simply to remove the colour of the dye but dye has the ability to revert back to its 

original colour through reduction or oxidation.279 

2. Photodegradation – This pathway decomposes dye into some stable products.280 

3. Photomineralisation – This involves in breaking down the dye molecules into simple 

compounds like H2O, CO2, N2, etc. This should be the ultimate goal of photocatalysis. 

4. Photodecomposition – Different researchers may have varying interpretations of the 

term, as it can refer to both photodegradation and mineralization in different situations. 

However, decolorization is generally not considered a part of its definition.281 

In this project methylene blue (MB) dye, methyl orange (MO) dye and reactive batik dyes 

(Reactive Red) were used (Figure 2.20) to investigate the photocatalytic properties of the 

prepared CMC-TiO2 composites. MB is a cationic dye with a thiazine chromophore group and 

it is one of the widely used dyes because it is safe to handle, easy to prepare and store and 

readily available.282 Methyl orange is an anionic azo dye. 

 

 

 

 

Figure 2.20 Chemical structures of (a) MB (b) MO (c) Scarlet red – GN. 

2.5 Aims and Objectives 

The use of CMC and TiO2 as a composite has not been reported much in the literature. When 

it comes to in-situ synthesis of TiO2 on biopolymers, to our knowledge, no record was found 

on this strategy on immobilising TiO2. The aim of this project was to develop a multifunctional, 

adsorbent with photocatalytic activity for wastewater treatment using carboxymethyl cellulose 

and TiO2. The specific objectives of this research project are given below: 

I. To synthesize a CMC-TiO2 foam composite using CMC and TiO2 powder directly 

and evaluate its adsorption capacity and photocatalytic activity for wastewater 

treatment. 



44 
 

II. To perform in-situ synthesis of TiO2 on CMC for improved stability and 

effectiveness, and evaluate the resulting CMC-CTTIP composite focusing on its 

photocatalytic activity in degrading dyes and phenol.  

III. To assess the effectiveness of the synthesized CMC/TiO2 composites in degrading 

three specific batik dyes obtained from Sri Lanka, by measuring the photocatalytic 

degradation.  
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CHAPTER 3  

Preparation of a Foam Composite Between CMC and TiO2 Powder for Wastewater 
Treatment 

 

3.1 Introduction 

This chapter examines the synthesis of a foam for wastewater treatment using a straightforward 

method that directly employs carboxymethyl cellulose and TiO2 powder. The synthesis process 

outlined herein aspires to be both environmentally sustainable and cost-effective. 

Water pollution is one of the chronic issues in the world. Out of the many water pollutants 

known, organic dyes have become one of the most threatening issues as they are difficult to 

degrade due their complex and stable organic structures.283  One area in which this problem is 

prevalent, is in the textile industry.  As mentioned in Chapter 1, the over-pollution of waterways 

throughout much of the known world as a result of textile dyes has resulted in detrimental 

impacts on both ecosystems and human health. For example, based on a study focusing on the 

characterization of textile effluent, the average concentrations of COD and BOD in the last 

decade were found to be within the ranges of (150-30,000) mg L−1 and (80–6000) mg L−1, 

respectively. Such high levels of pollutants could lead to adverse effects on both the 

environment and human health.284 Furthermore, a study conducted on German painters by 

Myslak et al. revealed that prolonged exposure to azo dyes increases the risk of developing 

bladder tumours in individuals.285  

Figure 3.1 depicts the global damage caused by textile dyes all over the world.286 Thus, removal 

of textile dyes from water has gained a considerable attention of the research world.48 As 

outlined in Chapter 2, diverse materials and methodologies have been applied in this treatment 

process. Notably, there has been a shift towards environmentally friendly and cost-effective 

materials, particularly biopolymers, drawing an increased attention in recent studies. 

Carboxymethyl cellulose (CMC) is a cellulose derivative with outstanding properties such as 

water solubility, eco-friendliness, biocompatibility, non-toxicity, high adsorption capacity and 

cost effectiveness. Most importantly due to being both hydrophilic and rich in function groups, 

CMC has become a highly used material in wastewater treatments. 
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Figure 3.1 Three examples of water pollution caused by textile dyes impacting natural and 
runoff waterways.286 

 

Table 3.1 provides examples for using CMC for wastewater treatments highlighting its 

successful capacity and diverse applications within this domain. This rationalises the choice to 

use CMC in the current research. Furthermore, TiO2 is one of the most studied candidates in 

wastewater treatments for its photocatalytic, non-toxic and environmentally friendly nature.131 

One of the major drawbacks in TiO2 with regards to wastewater treatment is its low adsorption 

capacity.287 

Table 3.1 Examples of using CMC for wastewater treatments 

Composite Application 

CMC/bentonite Removal of crystal violet and Cd(II) ions 288 

CMC/PAA Removal of MB 131 

CMC/PDA@ZIF-8/PTFE Removal of oil in water 289 

CMC/acrylic acid/itaconic acid Removal of Safranin-O 290 

CMC/PAA/activated C Removal of Cu ions and MB in water 291 

CMC/ graphene composite aerogel beads Removal of MB 292 

CMC/ polyacrylamide  Removal of Cu, Pb and Cd ions in water 293 
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In this study TiO2 was incorporated into CMC to increase the active sites and surface area of 

the composite which is in an important factor in wastewater treatments. In the synthesised 

composite, we hypothesise that CMC acts as the matrix to adsorb the waste and TiO2 acts as 

the photocatalyst to break them down.  Since CMC is an anionic polymer thanks to its 

carboxylic acid/carboxylate groups, methylene blue, a cationic dye, was chosen as the model 

dye.163 Another significance of this study was to find a simple method to prepare the composite 

as the literature often shows complicated methods used to modify CMC with TiO2. The 

synergistic nature between CMC and TiO2 has successfully resulted a significant candidate for 

MB dye removal with photocatalytic properties. Therefore, this study supports our first 

objective of synthesising a foam directly using CMC and TiO2 powder via an environmentally 

friendly and cost-effective method to enhance wastewater treatment.  

3.2 Experimental 

3.2.1 Materials and Reagents 

Sodium carboxymethyl cellulose (degree of substitution = 0.7, average Mw = 250,000) and 

titanium(IV) oxide (Degussa P25 aeroxide, particle size ⁓ 21nm) were purchased from Sigma 

Aldrich, Australia and used as is.  

3.2.2 Preparation of TiO2 suspension 

KBr (0.01 g, 0.084 mmol) was dissolved in distilled water (20 ml) and TiO2 powder (0.05 g, 

0.63 mmol) was added to it. The resulting suspension was ultra-sonicated for 1h then stirred 

using a magnetic stirrer for an additional hour. 

3.2.3 Preparation of CMC-TiO2 suspension 

CMC powder (0.2 g) was dissolved in distilled water (20 ml) at room temperature for 3 h until 

the CMC powder completely dissolved. A portion of the TiO2 suspension above (5 ml) was 

added to the CMC solution dropwise while stirring. The mixture was allowed to stir for another 

4.5 h at room temperature. 

3.2.4 Preparation of the Foam Composite 

The CMC-TiO2 suspension was poured into a Teflon tube with 10 mm of internal diameter and 

50 mm of length. One end of the tube was covered using a copper sheet hung in a Styrofoam 

cup using a copper wire as shown in the Figure 3.2. The Styrofoam cup was placed in a 

Styrofoam bowl and then the cup was filled with liquid N2 to the point that half of the tube was 

covered. When the liquid N2 evaporated, the suspension underwent unidirectional freezing. 
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Once the suspension solidified, it was taken out from the Teflon tube and placed in a freeze dry 

vessel and the samples were freeze-dried for 48 h. Two controls were prepared; one only with 

CMC in water and the one with CMC and KBr in water.  

 

Figure 3.2 Unidirectional freezing apparatus used to prepare the foam samples. 

 

3.2.5 Characterisation of Samples 

The selected techniques were employed to characterise the synthesised sample, as they are 

instrumental in identifying key structural properties such as crystallinity, surface area, bonding 

nature, elemental distribution, and material charge. These properties play a crucial role in 

determining the adsorption and photocatalytic capabilities of the compound. 

3.2.5.1 X-Ray Diffraction (XRD) 

A Bruker X-ray diffractometer (XRD) D8 advance with a CuKα sealed tube (l = 1.5406 nm) 

and Lynxeye detector was used for XRD analysis. The samples were scanned between 5° and 

90°. The tube current and voltage were 40 mA and 40 kV, respectively. Samples 

3.2.5.2 Brunauer-Emmett-Teller (BET) Analysis 

Surface area and pores size measurements were conducted by BET N2 adsorption-desorption 

analysis. These measurements were made using a Smart VacPrep station (degas) and TriStar 

II Plus (BET) SI apparatus with N2 as the sorbate at 77 K. The samples were degassed at 110oC 

under vacuum (1 × 10−2 Torr) for 12 h prior to analysis. The total specific surface areas were 

determined by multipoint BET methods,while the specific total pore volume was evaluated 

from N2 uptake at a relative pressure of P/P0 = 0.99. 
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3.2.5.3 Attenuated Reflectance Fourier Transform Infrared (ATR FTIR) Spectroscopy 

ATR-FTIR spectrum of the prepared samples (approx. 5-10 mg) were recorded using a 

Thermoscientific Nicolet iD5 spectrophotometer. The functional groups of the samples were 

identified by spectroscopic analysis in transmission mode with the detection range from 800 to 

4000 cm−1. 

3.2.5.4 X-Ray Photoelectron Spectroscopy 

The elemental compositions of the fabricated materials were examined through X-ray 

photoelectron spectroscopy (XPS) spectra using Kratos AXIS NOVA spectrometer (Kratos 

Analytical, Inc., Manchester, UK) instrument. The X-ray source used was Al Kα. 

Subsequently, the acquired data was subjected to analysis through the casaXPS software.  

3.2.5.5 Thermogravimetric Analysis (TGA)  

The thermal stability of the materials prepared were investigated using a Q500-0341 TGA 

instrument. The TG curve recorded represents the evolution of the mass as a function of the 

temperature. The sample was heated from room temperature to 1000°C under a nitrogen 

atmosphere at a heating rate of 10°C/min.   

3.2.5.6 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 
Analysis 

A Hitachi S-4800 scanning electron microscope with a field emission gun was used to analyse 

the surface morphology and structure of prepared samples. Working distance for EDX was 10 

mm. These samples were gold coated using a sputter coater before observation. All images 

include scale bars. 

3.2.5.7 Zeta Potential Analyser  

Zeta potential analysis of TiO2 suspensions, TiO2 with KBr suspensions and CMC-TiO2 

suspensions (prepared CMC-TiO2 foam in water) were carried out using a Malvern Zetasizer 

Ultra zeta potential instrument. Measurements were performed on a dilute suspension at native 

pH. 

3.2.6 Photocatalytic Activity 

A 3 mg/L methylene blue (MB) solution was used as the prototypical dye product and its 

concentration in water was monitored by a Shimadzu UV Visible spectrometer. A 50 mL 

volume of the MB solution with 0.47 g/L of the CKT foam was exposed to the light source UV 



50 
 

over 4 h, under stirring. Samples were taken every 15 min. The suspension was centrifuged 

using an Eppendorf Minispin Centrifuge at 14,000 rpm for 15 min. The supernatant was 

transferred to a disposable cuvette and measured for absorbance at 665 nm.  

In detail, two parallel experiments were conducted; one in dark and the other under UVA, at 

366 nm. Initially, absorbance readings of MB solutions (without TiO2) were taken. Subsequent 

readings were taken as soon as adsorbent was added to both the solutions as T = 0 min. Then 

both MB-sample mixtures were kept in the dark for 75 mins until they reach their adsorption-

desorption equilibrium. Once reached, one of the samples was irradiated with UV and other 

was kept in the dark. The same method was followed with TiO2 powder (9 mg) and CMC 

powder (36 mg). These masses were obtained by a back calculation. pH of solution was varied 

using 0.1M NaOH and 0.1M HCl as needed.  The effect of catalyst dosage was carried out 

varying the amount catalyst used for MB test. 

3.2.7 Anti-Bacterial Testing 

Anti-microbial properties of the prepared samples were investigated against E. coli and S. 

aureus using UV A (wavelength – 365 nm) light. The sample amounts used for this experiment 

are given in Table 3.2. 

 

Table 3.2 Samples and their amounts used for anti-bacterial testing. 

Sample Amount (mg) 

Sample A (CMC foam) 40 

Sample B (CMC/KBr foam) 40 

Sample C (CMC/KBr/TiO2 foam) 40 

TiO2 powder 10 

 

Before the experiment, the bacteria were inoculated into LB broth and incubated in a shaker at 

37oC and 220 rpm overnight. Then the optical density (OD) of the bacteria culture was 

determined using a Shimadzu UV Visible spectrometer and adjusted to 106 using saline 

solution. Samples were placed in a nine well plate and 1 mL of bacteria solution (OD adjusted) 

was suspended on to each sample. In addition, 1 mL from bacteria solution was added to one 

of the wells without any samples as a positive control test. The well plates were kept under UV 

lamp in biosafety cabinet for 3 h after which, the samples with a bacteria solution which had 
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become a suspension were taken out and each sample was diluted up to 106 using saline 

solution. Then 0.1 ml of each dilution was dispersed into an agar plate and the plates were 

incubated at 37oC for 16 h. After the certain period of time, plates were taken out and number 

of colonies in the agar plates were counted and colony forming units for 1 mL (CFU/mL) was 

determined using the following equation.  

𝐶𝐹𝑈	(𝑚𝐿) = !"#$%&	()	*(+(,-%.	×0-+"1-(,	)2*1(&
3(+"#%	4+21%5	-,	#6

                      Equation 3.1 

 

In all experiments, a negative control test was conducted in the dark, without UV light, 

simultaneously.  

3.3 Results and Discussion 

3.3.1 Preparation of the solutions 

Five different types of foams were successfully prepared for this study by varying different 

parameters as in Table 3.3. In the context of abbreviations, ‘C’ denotes CMC, ‘K’ represents 

KBr, and ‘T’ stands for TiO2. Additionally, the quantity of TiO2 used is mentioned after 'T', 

followed by the stirring duration. For instance, CKT0.05_4.5h signifies a foam concocted using 

CMC, KBr, and 0.05 g of TiO2, stirred for 4.5 hours. 

The observations could be well explained as follows. CMC was easily dissolved in water, 

resulting a quite viscous solution due to CMC’s known hydrogel properties.142 Preparation of 

TiO2 suspensions, required some deviation from a simple mix. Preparing a suspension indicates 

breaking and dispersing the nanoparticle clusters in an aqueous solution with subsequent 

stabilization. But titania tends to agglomerate very easily due to Van der Waals attractions 

among the particles.294  In the process used for this project, steps were taken to minimize 

agglomeration. In aqueous solution TiO2 binds with water molecules and takes its hydrated 

form Ti(OH)4. Having a strong electrolyte (such as KBr) in the solution, can hamper the phase 

transformation of Ti(OH)4 into TiO2 clusters by shielding the effect of attractive electrical force 

from solid particles. At the same time, an electrolyte can enhance the adsorption of OH- and 

H+ on TiO2 particles.295 The second strategy to impede agglomeration was ultrasonication. The 

generated shocked wave from the ultra-sonic bath can create collisions among agglomerated 

particles, thus separating them. This also enhances the formation of the TiO2 suspension.294  

Samples C-E were prepared by varying the amount of TiO2 under different timeframes and the 

viscosity trend appeared to be as: A < B < C < D < E. 
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Table 3.3 Prepared samples and their compositions. 

Sample CMC (g) KBr (g) TiO2 (g) Stirring time after adding TiO2 

C_4.5h (A) 0.2   4.5 h 

CK_4.5h (B) 0.2 0.01  4.5 h  

CKT0.05_4.5h (C) 0.2 0.01 0.05 4.5 h  

CKT0.3_4.5h (D) 0.2 0.01 0.3 4.5 h  

CKT0.05_7d (E) 0.2 0.01 0.05 7 d 

                                                                                                    

Sample B in Table 3.3 contains only CMC powder and KBr powder. Since KBr is a strong 

electrolyte it dissociates completely. The resulting monovalent cations can form 

bridges/crosslinks among the polymer chains as shown in Figure 3.3, causing a small change 

in the viscosity. This will also hold true for samples C-E. 

 

Figure 3.3 The formation of salt bridges among polymer chains by K+ ions (black circles). 
The white circles with crosses symbolise oxygen atoms of carboxylate groups 296 

 

The above viscosity results indicate that higher the amount of TiO2 and the stirring time, higher 

the viscosity and it can be rationalised through the crosslinking capabilities of TiO2. Since 

titania is oxophilic, it can coordinate strongly to carboxylates within the chain, leading to both 

more rigid, but also larger super structures leading to enhanced viscosity.297  

3.3.2 Preparation of Foams 

In the initial phase of this project, we decided to produce foams by using CMC and TiO2. This 

choice was based on the well-documented exceptional characteristics of foams, including a 

high surface area, a three-dimensional porous structure, and excellent permeability, all of which 

are essential attributes for an effective adsorbent.298’299 

The foams were prepared by unidirectional freezing of the solution followed by freeze drying. 

As mentioned in the method, unidirectional freezing allows to transfer heat through the solution 
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in the Teflon tubes only from bottom to top as Teflon tubes prevent heat transferring from side 

walls (Figure 3.4). Consequently, the freezing process generates a thermal gradient in a single 

direction, resulting in the formation of aligned pores within the material.300 Furthermore, as 

documented in the literature, unidirectional freezing allows for better control over the size and 

distribution of pores by minimizing ice entanglements during the freezing process.301 

Therefore, for the preparation of an adsorbent, unidirectional freezing offers more advantages 

compared to radial freezing.302 

 

Figure 3.4 Schematic diagram of the apparatus used to gain unidirectional freezing of the 
samples. 

 

Figure 3.5, illustrates the white, opaque, soft in texture and low density of prepared foams 

caused by the freeze-drying method. When freeze drying, the frozen water is removed via 

sublimation and it generates a very low volume shrinkage, resulting a low density of the 

foams.303 
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Figure 3.5 Prepared foams (9 x1 cm) varying amount of TiO2 and stirring time. (A) C_4.5h; 
(B) CK_4.5h, (C) CKT0.05_4.5h, (D) CKT0.3_4.5h, and (E) CKT0.05_7d. 

 

3.3.3 Material Characterization of Foams 

3.3.3.1 X-ray Diffraction 

XRD is a technique that provides information on crystal composition and molecular 

connectivity including phases, crystal orientation, level of crystallinity, average grain size and 

crystal defects. This investigation anticipates using X-ray diffraction (XRD) analysis to 

identify the crystalline structure of the final compound. Consequently, this method will enable 

the identification and characterization of material phases within the samples under study. XRD 

profiles of all raw materials and samples prepared are shown in Figure 3.6. The broad 

diffraction peak at approx. 2q = 220 in all CMC profiles is attributed to the amorphous nature 

of CMC.278  The P25 (TiO2) XRD profile shows crystalline phases peaks can be attributed to 

anatase, rutile and amorphous titania as P25 is known to be a mixture of all TiO2 phases. 

Therefore, 2θ peaks at 25.5, 38.1, 48.1, 54.35, 55.4, 62.75 are corresponded to the crystal planes 

of 101, 004, 200, 201, 211, 204 for anatase, respectively, and the peak at 27.05 (110) strongly 

supports the additional rutile phase.257,27,253 Moreover, in samples contain KBr, sharp peaks at 

24.05, 27.05, 38.75, 39.25, 48.35, 55.65, 63.04, 70.05 were given by the reflections from (111), 

(200), (220), (222), (400), (420) and (422) planes of KBr.304  
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Figure 3.6 XRD patterns of precursors and prepared foams. 

 
In the spectra of samples containing a combination of CMC, KBr, and titania composites, 

distinct peaks corresponding to CMC, KBr, and TiO2 are readily observable, affirming the 

successful formation of the composite composition. However, no difference of the peak 

positions could be observed between the peaks in raw materials and composites, indicating 

either TiO2 has not bound to carboxymethyl cellulose255 or the amount of TiO2 is not sufficient 

as the instrument can detect. In XRD graph of sample E, the intensities of TiO2 and KBr peaks 

are very low compared to sample C and D. It can be assumed that stirring for a longer period 

(7 days) might allow CMC and TiO2 react well together.  

3.3.3.2 Attenuated Reflectance Fourier Transform Infrared (ATR FTIR) Spectroscopy 

IR is a technique that allows to determine the structural information of a molecule through the 

motions (vibration, stretching, bending, scissoring) of the bonds after absorbing the energy in 

the IR region. This study aims to utilize ATR FTIR analysis to distinguish the emergence of 

new bond formations within the resultant compound, as well as to observe changes in the 

existing bonds resulting from the incorporation of CMC and TiO2. 

Figure 3.7 shows the FTIR spectrum of CMC with DS 0.7. The absorption band at 3314 cm-1 

is assigned mainly to the stretching of —OH groups though a small amount of water may also 
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contribute. The band at 2885 cm-1 is due to C—H stretching vibrations within the 

polysaccharide backbone. Presence of carboxymethyl substituents are represented by the peaks 

at 1618 and 1417 cm-1 because carboxylic groups in its salts form have wavenumbers typically 

paired at 1600-1640 cm-1 and 1400-1450 cm-1. The band at 1324 cm-1 is attributed to —CH2 

scissoring motion. The band at 1023 cm-1 is given by CH-O-CH stretching at the β-glycosidic 

bonds.137,162 

 
 

Figure 3.7 ATR-FTIR spectrum of CMC powder. 

 

Figure 3.8 shows the ATR FTIR results of our composite materials. As reported in literature, 

peaks from 400-800 cm-1 are attributed to asymmetric, symmetric stretching and bonding 

modes of Ti-O-Ti bonds.305 The weak peak at 480-500 cm-1 is due to the presence of Ti-O-Ti 

bond and the peak at 440 cm-1 is given by the stretching vibrations of Ti-O-Ti and Ti-O 

peaks.306 Even if these peaks cannot be seen clearly in Figure 1.7, the weak peak at 500 cm-1 

firmly suggests the presence of Ti-O-Ti bonds in the samples C-E, but no significant shift could 

be observed in peak positions between the sample prepared and CMC powder. Even there was 

a small change of shifts, it could not consider as it is within the % error region. This could be 

due to the small amount of TiO2 loaded in the composite.257 
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Figure 3.8 ATR-FTIR spectra of CMC powder and prepared samples. 

 

3.3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS serves as a quantitative spectroscopic method employed to examine a materials surface 

chemistry. It specifically assesses the elemental composition, establishes the empirical 

formula, scrutinizes the chemical state, and explores the electronic state of the constituent 

elements within the material. The acquisition of XPS spectra involves subjecting a material to 

X-ray irradiation and concurrently measuring the kinetic energy and the quantity of electrons 

emitted from the uppermost 1-10 nm of the material under analysis.307 This study aims to 

employ XPS analysis to discover the elemental composition of CKT foam, emphasizing the 

electronic states of each significant constituent. Furthermore, this analysis aims to identify the 

formation of novel bonds between CMC and TiO2, particularly for its relevance in enhancing 

the material's photocatalytic activity. 

According to the C1s elemental analysis, five peaks could be identified at 284.7 eV (C-C bond), 

286.3eV (C-OH bond), 288.1eV (C=O bond), which are typical functional groups in CMC, 

285.4eV (C-O-Ti bond) and 293.0eV (π-π* shake up satellite peak).308 Satellite peaks arise 

when a core electron is removed by photoionization. With respect to O1s elemental analysis, 

five peaks could be observed at 529.3eV (Ti-O-C), 531.1eV (C=O), 532.5eV (C-O/ O-C=O), 

533.3eV (C-O-C) and 535.8eV (Na auger peak).307 As in Figure 3.9, the high resolution XPS 
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Ti 2p spectra could be fitted considering the peaks at 458.1eV and 463.6 which are attributed 

to Ti 2p3/2 and Ti 2p1/2 spin orbitals splitting photoelectrons in the state of Ti4+.308 XPS results 

reveal that Ti has bound to CMC but in contrast the low intensity of Ti peaks in C1s and O1s 

can be due to the low amount of TiO2 used compared to CMC.  

 

Figure 3.9 XPS profiles of CKT foam, (a) wide scan, (b) high resolution C1s, (c) high 
resolution O1s, and (d) high resolution Ti2p. 

 

3.3.3.4 Thermogravimetric Analysis (TGA) 

TGA is a technique that provides the information about the stability of a compound under a 

certain temperature range through the process of weight loss upon heating. This research aims 
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to utilize TGA)to assess the thermal stability of the resultant CKT foam. Understanding this 

stability is crucial for evaluating the material's viability in wastewater treatment applications, 

particularly under diverse conditions like elevated temperatures. 

TGA curves (Figure 3.10) give an indication of the thermal stability of CMC powder and the 

prepared samples. The first stage transition at 45-120 oC is due to the loss of physically 

adsorbed water - about 3% w/w in foams and 6-7% w/w in CMC.257 Since all the foams were 

prepared by freeze drying, it was expected to remove all the free water but it has been reported, 

polysaccharides can contain some amount of water – likely a form of structural water - while 

appearing to be dry296, and of course can absorb moisture from the air through preparation. 

Redrying the foams leads to hard and brittle samples.  The second stage of heating at 200–300 
oC sees further weight loss of approx. 45% in all cases, attributable to degradation of saccharide 

rings of CMC and evolution of CO2 from the polysaccharide chain. The last stage of weight 

loss above 300 oC is due to the further breaking of  ̶  C ̶  O ̶  C bonds in CMC and a charring of 

the sample.162 This is roughly 30-40% of the loss. 

 
 

Figure 3.10 TGA curves of CMC powder and prepared samples 
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3.3.3.5 Scanning Electron Microscopy (SEM) 

SEM is a method that uses a finely focused electron beam and reveals the information on 

topography of a samples such as, particle size, size distribution, particle shape and surface 

morphology.  This study aims to employ SEM analysis to discern changes in the morphology 

of CKT foam concerning its constituent materials; CMC and TiO2. This analysis seeks to 

characterize variations in particle shapes and sizes within the CKT foam compared to its 

individual raw materials. 

As shown in SEM images (Figure 3.11), CMC powder has a rod like structure, but the foams 

have sheet like structures at the micrometre scale. According to literature, freeze drying 

techniques can result in both sheet like or network structure with pores.156 The foam with only 

CMC and the foam with both CMC and KBr seem to have similar morphologies. Contrary, the 

foam which has all CMC, KBr and TiO2, exhibited some small particles on the sheet which can 

be assumed as TiO2 crystallites on CMC polymer sheets.  

 

 
Figure 3.11 SEM images of (a) CMC powder showing rod-like structures, (b) C_4.5h, (c) 

CK_4.5h, and (d) CKT0.05_4.5h, all showing a more sheeted structure. 
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3.3.3.6 Energy-Dispersive X-Ray (EDX) Spectroscopy and Elemental Mapping 

EDX is a method designed to analyse the elemental composition of a sample. Elemental 

mapping allows us to visualise the spatial distribution of elements in a particular sample. This 

study aims to utilize EDX and elemental mapping analysis to characterize the distribution of 

TiO2 within the polymer matrix. 

The element distribution of the foam with all CMC, KBr and TiO2 is given in Figure 3.12 and 

the visualised elements carbon, oxygen, sodium, potassium and titanium have a homogeneous 

spatial distribution. The elements, carbon, oxygen, sodium are attributed to CMC that is in its 

sodium salt form and potassium from KBr. According to the images, carbon, oxygen, sodium 

has distributed densely rather than potassium and titanium which can be due to the large amount 

of CMC in the foam. The most important fact obtained from this analysis is that TiO2 has 

distributed homogeneously and uniformly. By analysing all the results, it can be assumed that 

the charges on the surface might be the reason behind the homogeneous distribution of TiO2 

and this will be explained elaborately along with zeta potential.   

 

Figure 3.13 confirms the EDX mapping for the foam, indicating the elements present are 

consistent with the composition.  The gold peaks are a result of the coating needed for the 

technique. 



62 
 

 

Figure 3.12 Elemental mapping of the foam with CMC/KBr/TiO2 (A) CKT0.05_4.5h; (B) C; 
(C) O; (D) Na; and (E) K 

 

 

Figure 3.13 EDX plot for the foam with CMC/KBr/TiO2 

 

3.3.3.7 Zeta Potential Analysis 

Zeta potential gives an implication about the surface charge and the potential stability of the 

suspension. This study aims to employ zeta potential analysis to ascertain the surface charges 
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and evaluate the stability of the CKT suspension in an aqueous medium. This analysis holds 

significance in ensuring efficient adsorption and photocatalytic capabilities. 

As shown in Table 3.4, the samples with all CMC, KBr and TiO2 has the highest magnitude of 

zeta potential, following KBr/TiO2 suspension the second and the TiO2 suspension, the lowest. 

When the magnitude is high, the stability of a compound in a certain solvent is high, which 

means that compound does not tend to agglomerate. Therefore, the stability of CKT foam in 

water can be explained in detail as follows. TiO2 nanoparticles tend to agglomerate rather 

instantly due to its high surface are which causes the high surface energy. This agglomeration 

reduces the surface area and the photocatalytic activity. Agglomeration occurs due to the Van 

der Waal’s attraction among particles, but this can be counterbalanced by electrostatic and 

steric stabilisation, which gives the term, ‘electrosteric stabilisation’.309 Electrostatic 

stabilisation can be obtained by adding a charge to the nanoparticles as they can repel each 

other while steric stabilisation can be achieved by adsorbing a thin layer of a polymer on the 

surface of nanoparticles to prevent them getting closer to each particle. With a polyelectrolyte 

like CMC, electrosteric stabilization can be obtained easily. The polyelectrolyte can adsorb on 

the particle surface and neutralize the charge.310  

Table 3.4 Zeta potential values for different suspensions of tested samples. 

Sample Zeta potential (mV) 

TiO2 suspension -17.6 

KBr + TiO2 suspension -23.2 

Sample C with CMC + KBr + TiO2 -71.5 

 

According to the results, the magnitude of the zeta potential of the TiO2 suspension has 

increased slightly by the addition of KBr because KBr is an electrolyte, yet it is not that strong 

to separate TiO2 particles and stabilize the suspension in better way. But the addition of CMC 

has increased the magnitude of the zeta potential for KBr/TiO2 suspension three-fold making 

the suspension more stable. Previous research indicates that higher the magnitude of the zeta 

potential, higher the stability of the suspension.311 This drives homogeneity of the 

dispersion/distribution of TiO2 which is supported by the elemental mapping (Figure 3.12). By 

considering all the above facts and literature data, we can assume that there’s thin layer of CMC 

adsorbed on TiO2 particles as in Figure 3.14.294, 312  
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Figure 3.14 Schematic diagram of CMC adsorbed on TiO2 particles. 

 

3.3.3.8 Brunauer–Emmett–Teller (BET) Analysis  

BET analysis is important characterisation technique to measure some unique properties of a 

solid sample such as surface area, pore volume, pore size distribution and also adsorption 

desorption isotherms can give a relative idea on the structure. BET occurs by physical 

adsorption of N2 gas on to the sample and the specific surface area is determined by calculating 

the amount of adsorbate gas molecules corresponding to the monolayer surface of the sample 

at the given pressure and the temperature. This study aims to utilize BET analysis to assess the 

surface area and pore volume of CKT foam. These parameters are critical for optimizing 

pollutant adsorption efficacy. 

The main characterisation parameters obtained using N2 adsorption-desorption isotherms are 

shown in Table 3.5. 

Table 3.5 The main characterisation parameters obtained from BET analysis. 

Sample Surface area m2/g Average Pore 

volume cm3/g 

Average pore size 

/A 

CMC powder 23 0.02 41 

TiO2 (P25) powder 115 0.1 44 

CKT0.05_4.5h 11 0.2 40 

 

All the prepared samples have comparably high calculated surface areas and pore sizes. Pore 

size is important in waste water treatment because if the pore size is too large, the filtration 



65 
 

efficiency is poor. Size of pores depends on different facts including materials used, synthesis 

process and drying method.313  Therefore, it can be assumed that freeze drying has caused 

accessible pores in the foams prepared. When freezing prior to the drying, growth of ice crystals 

takes place. These ice crystals are removed during the drying process via sublimation, resulting 

the pores where the ice crystals are. It is unclear whether the reason behind the large area is the 

drying method or the well dispersion.303, 314 

 

3.3.4 Methylene Blue (MB) Degradation Test for Foams 

This set of experiments was conducted to investigate the photocatalytic activity of the prepared 

samples through the degradation of MB via a simple UV-Vis study.  

3.3.4.1 Adsorption Kinetics 

Adsorption is an important process in any catalytic process, but especially wastewater 

treatment, because it is the adsorbed molecules that are degraded via photocatalytic activity 

generating more vacant sites for further reaction. This process as seen with foams and MB are 

shown in Figure 3.15. Initially, the MB is adsorbed onto the composite in the dark to some 

level. The higher the adsorption, the better.  Once stabilised, irradiation of the solution allows 

the photocatalytic process to begin.  Clearly, decomposition products form which are 

colourless, allowing further adsorption to occur. This ultimately leads to a reduction in optical 

absorption over time. 
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Figure 3.15 Suggested MB Adsorption-degradation mechanism. The green dotted line serves 
to distinguish between the dark and photocatalytic processes. This division clarifies that ample 
time is allotted for dye absorption to reach equilibrium in the dark process before the initiation 
of the photocatalytic phase. 

Adsorption of MB on to the photocatalyst prior to the degradation is a major step to ensure that 

any decrease in absorbance was due to photocatalytic degradation and not because of 

adsorption of the dye (the green dotted line in Figure 3.15).315  In that case, all photocatalyst/dye 

mixtures were initially left in the dark until adsorption was deemed complete before the 

samples were irradiated. In this project, all samples were kept in dark for 75 minutes (with this 

sample, MB reached its adsorption-desorption equilibrium within 75 minutes) until the 

adsorption-desorption equilibrium and CKT foam showed the highest adsorption (52.99%) 

during that period.  As seen in  

Figure 3.16, CMC powder shows a high adsorption rate while TiO2 doesn’t, implying that 

carboxyl groups play a vital role in adsorbing MB.316 Since CMC has more negative charges, 

as a result of the exchange of proton between carboxylic acid and its conjugate base, it can 

easily attract cationic MB dye molecules. Even if TiO2 powder itself doesn’t show a good 

adsorption, CKT 0.05 foam has a higher adsorption rate than CMC powder indicating that TiO2 

powder also has a contribution towards adsorption when in the composite. 

 

 
 

Figure 3.16 MB degradation under UV irradiation. 
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The adsorption kinetics were investigated using both pseudo first and second order kinetics 

model:317 

 
Pseudo first order kinetics model:       ln(Qe − Qt) = lnQe − kt        Equation 3.2 

Pseudo second order kinetics model:        
!
"!
= #

$"%!
+ !

"%
                Equation 3.3 

 
Where, 

Qe – Adsorption capacity at equilibrium (mg/g) 
Qt – Adsorption capacity at a given time (t) 
K – adsorption constant (gmg-1min-1) 
T – time (s) 

 
Adsorption capacity at a given time can also be calculated using:318 

Q = ('()'!)+
,

                Equation 3.4 

Where, 
C0 – initial concentration (mg/L) 
Ct – Concentration at a given time 
V – volume of the solution (mL) 
M – mass of the sorbent (g) 

 

And the adsorption rate percent calculated using the formula: 

Adsorption	rate% = ('()'!)#--
'(

        Equation 3.5         

Where, 
Co – initial concentration 
Ct – concentration at time t 

 

Figure 3.17 shows the calculated pseudo second order graphs of CMC powder, TiO2 powder 

and CKT foam. The adsorption capacity at equilibrium was calculated using the slope of the 

graph while adsorption rate constant was determined using the intercept.  
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Figure 3.17 Pseudo second order kinetics plot of the absorption characteristics. 

Table 3.6 summarises the results obtained from pseudo first order and second order calculations 

which depicts that the adsorption of MB on these adsorbents follows pseudo second order 

kinetics model. Furthermore, to substantiate this conclusion, it is evident that the theoretical 

adsorption capacities at equilibrium derived from the pseudo second order kinetics align more 

closely with the experimental parameters. Since MB system was kept in dark for 75 minutes to 

make sure it had reached adsorption-desorption equilibrium, adsorption rate after 75 minutes 

was calculated for each sample. According to the results, CKT 0.05 foam has the highest 

removal% of MB (53%) while TiO2 powder has the least (11%). Moreover, removal % of MB 

by CMC powder is 41.5 %. 

 

 

Table 3.6 Adsorption kinetics data obtained from MB testing. 

Parameters CMC powder TiO2 CKT foam 

Experimental Qe 

(mg/g) 

1.895 2.239 1.814 

MB removal by 

adsorption % 

41.50 11.63 52.99 

Pseudo first order 
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Theoretical Qe (mg/g) 0.323 1.126 0.928 

K (min-1) 0.07 0.03 0.07 

R2 0.6899 0.7040 0.7589 

Pseudo second order 

Theoretical Qe (mg/g) 1.958 2.418 1.818 

K (g/mgmin) 2.19 0.24 3.25 

R2 0.9996 0.9948 0.9999 

 

3.3.4.2 Intra-particle Diffusion Mechanism 

In the adsorption process, investigation of diffusion and mass transfer steps will help to 

understand the adsorption mechanism. As reported in the literature, the adsorbate (MB 

molecules) diffuses to the film surrounding the adsorbent through the bulk of the solution, then 

through micro- and macro-pores, ending up with adsorption.319 This process of transportation 

of MB molecules in to the adsorbent can be identified as four steps (Figure 3.18):  

• Bulk, 

• Film, 

• Intra-particle diffusion, and 

• Adsorption. 

Since bulk/mass movement and adsorption are fast processes they are not considered in 

adsorption kinetics and also, they are still under further investigation when it comes to 

heterogeneous adsorption.320 Therefore, only film diffusion and intra-particle diffusion are 

taken into kinetics calculations. Film diffusion is mainly based on slow transference of MB 

molecules to the surface of adsorbent from the boundary layer and this is also called external 

diffusion. Intra-particle diffusion is mainly about pore diffusion and this is also named as 

internal diffusion.321   
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Figure 3.18 Schematic diagram illustrating potential steps of transportation of adsorbent to 

adsorbate from bulk solution. 

 
Therefore, to identify the adsorption process of a heterogeneous system from a mechanistic 

point of view Web-Morris model was used: 

𝑄1 = Ki ∗ t7.9        Equation 3.6 

 
Where, 
Qt – adsorption capacity at time t 
Ki – intra-particle diffusion rate constant (mg/gmin0.5) 

According to this model, the plot of Qt vs t0.5 should pass through origin without an intercept, 

indicating intra-particle diffusion is the rate-limiting step. While a useful guide, it has been 

proved that not all adsorption systems follow Web-Morris model, but some systems give a plot 

with an intercept, expressing both film diffusion and intra-particle diffusion participate in 

diffusion mechanism. Thus, the following new equation has been introduced as the Intra-

particle diffusion model.322  

Q: = Ci + Ki ∗ t7.9         Equation 3.7 

Where Ci – constant related to boundary layer thickness 

The plot of Qt vs t0.5 was plotted for the three samples used (Figure 3.19) and the data is also 

shown in Table 3.7.  
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Figure 3.19 Intra-particle diffusion plot of CKT0.05 foam, TiO2 and CMC powder. 

 

Table 3.7 Kinetics data calculated from using the Intra-particle diffusion model 

Sample Ki (mg/gmin0.5) Ci (mg/g) 

Section 01 Section 02 Section 03 Section 01 Section 02 Section 03 

CMC 
powder 

0.4877 - 0.0123 - - 1.85 

TiO2 
powder 

0.5718 0.1726 0.1035 - 1.54 3.03 

CKT 0.05 
foam 

0.4593 - 0.0076 2x10-16 - 1.75 

 

Plots of both CMC powder and CKT0.05 foam showed the same curve shape, known as a von 

Bertalanffy curve, with two main features – a regular linear section which is attributed to film 

diffusion, followed by a asymptote characteristic of the system reaching its adsorption-

desorption equilibrium. In contrast, TiO2 powder shows a more complicated relationship that 

appears at first glance to be biphasic. While von Bertalanffy curve features exist, a second 

process can be described as the slow diffusion of solutes into pores or intra-particle diffusion 

occurs attenuating the curve similar asymptotes to those of CMC powder and the composite.323   

3.3.4.3 Effect of Initial pH on Adsorption of MB on CMC 

Initial pH is a critical factor in adsorption because it can control the protonation/deprotonation 

of functional groups.324 A simple adsorption experiment was carried out with CMC powder to 
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observe how the initial pH value of MB solution affects on the adsorption of MB on CMC 

powder and the kinetics data received from pseudo-second order plot have been tabulated in 

Table 3.8. According to the observed data, pH 3 has the lowest adsorption rate and capacity 

because the acidic medium tends to protonate carboxylate groups, thus acquiring more 

neutrality to positive charge through hydroxonium ion interaction.325 Since MB is also 

positively charged, a repulsion takes place between MB and CMC at lower pH which reduces 

the adsorption.326 On the contrary, increasing pH leads to increasing adsorption due to more 

carboxylate groups at higher pH value, facilitating more interactions between MB and CMC.  

Table 3.8 Pseudo-second order kinetics data for CMC powder at different pH 

 pH = 3.00 pH = 6.32 pH = 10.30 

Amount of dye adsorbed at equilibrium 

(mg/g) 

1.06 1.96 2.05 

Adsorption rate constant (gmg-1min-1) 0.45 2.19 12.03 

Removal of MB by adsorption % 22.65 41.50 42.02 

 

Figure 3.20 shows a plot of adsorption capacity over 110 minutes for CMC at different pH to 

obtain stable readings. An interesting feature occurs above the pKa of the carboxylic acid, from 

pH 6 to 10, where a slight increase in adsorption capacity at a given time is seen. We postulate 

that when the concentration of OH- is increasing in the system, hydroxyl ions can combine with 

MB molecules and for hydroxylated MB which causes decreasing adsorption.325  

 
Figure 3.20 Adsorption capacity over time of CMC powder at different pH. 
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3.3.4.4 Adsorption Isotherms 

An adsorption isotherm describes the co-relation between the adsorbent and the adsorbate 

including how the adsorbate molecules are attached on to the adsorbent surface when the 

system reached its equilibrium. Based on the nature of the adsorbent and the interactions 

between the adsorbent and the adsorbate, the system can follow different mathematical 

functions such as, Langmuir, Freundlich and Linear.327 In this study, Langmuir and Freundlich 

studies were employed to explain the affinity of MB towards CKT foam.  

Langmuir adsorption, occurs on a homogenous adsorbent is considered as the monolayer 

adsorption whereas the Freundlich model is based on the heterogeneous adsorption for a 

surface with a non-uniform heat of adsorption over the surface. The models can be expressed 

using following equations. 

Langmuir adsorption isotherm      
#
""
=	 #

"#
+	 #

.$"#
	 #
'"
     Equation 3.8 

 
Freundlich adsorption isotherm   ln Q; = lnK< + (1 n` ) ln C;   Equation 3.9 

 
Where, 𝑄% is the adsorption capacity at equilibrium (mg/g) and 𝐶% is the equilibrium 

concentration (mg/L).  

In Langmuir model, 𝑄# is the saturation/maximum monolayer adsorption capacity (mg/g) and 

𝐾6 is the Langmuir isotherm constant (L/mg). From the intercept and the slope of the plot  
=
>!
 

vs =
?!
  given in figure 3.2.1, 𝑄# and 𝐾6 can be calculated respectively. Furthermore, another 

important, dimensionless term based on Langmuir model is separation factor, RL, stated by 

following equation, describes the favorability of MB adsorption on to the CKT foam. 

 

R/ =	
#

#0(.$∗'%)
       Equation 3.10 

 

Co is the highest studied initial concentration (mg/L). As stated in the literature, the adsorption 

is favourable when 0 < RL <1, irreversible when RL= 0, linear when RL= 1 and unfavorable 

when RL > 1.328 

In Freundlich model, 𝐾) is the Freundlich constant related to maximum adsorption capacity 

[(mgg-1)(Lmg-1)1/n], 1/n is the heterogeniety factor and n is an indication of the intensity of the 
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adsorption process. 𝐾) and n can be obtained from the graph of ln 𝑄% vs ln 𝐶% as given in Figure 

3.21. 

 

 
Figure 3.21 Freundlich adsorption isotherm plot of CKT 0.05 foam 

 
The results as shown in Table 3.9 reveal that the adsorption of MB on to the CKT foam is well-

fitted using the Freundlich model (from R2 values), indicating that multi-layer adsorption is 

favorable. The calculated value for 1/n is higher than 1 which implies that the adsorption is a 

favorable physical process.329 Moreover, as mentioned in the literature, when n < 1, the 

molecules adsorb on to the surface with a horizontal position via multi-layer adsorption.330    

 
Table 3.9 Adsorption isotherm data obtained from MB adsorption on CKT foam. 

Adsorption 

model 
Langmuir Isotherm Freundlich Isotherm 

Parameters Qm (mg/g) KL (L/mg) RL R2 Kf 1/n R2 

Values 19.925 0.063 0.136 0.9313 1.168 1.4017 0.9988 

 

3.3.4.5 Photocatalytic Activity and Kinetics of Composite 

Methylene Blue is the gold standard in photocatalytic reactions, as the by-products from the 

degradation are usually colourless, meaning absorption spectroscopy is a simple and effective 

way to monitor reaction progress over time, through the diminution of absorption measured at 
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665 nm. The photocatalytic activity of the prepared CKT 0.05 foam was investigated under 

UV as shown earlier in the Figure 3.16. Results indicates that MB solution alone showed no 

effect from the UV light without the photocatalyst, as evidenced by the absorption integrity 

over time. Similarly, CMC powder alone, after adsorption, did not show any effect on MB 

under UV, confirming that it is the action of the TiO2 needed to have photocatalytic activity. 

In comparison of the photocatalytic effect on degradation of anatase TiO2 and CKT 0.05 foam, 

MB degradation rate is lower in CKT0.05 foam than that of TiO2 powder itself. In line with 

previous studies, it can be hypothesized that, CMC has adsorbed and formed a thin layer on 

TiO2 particles, as discussed in zeta potential analysis, and the photo-generated radicals need to 

come to the surface to degrade MB, but this layer might impede the generated radicals reaching 

MB. Also, it is reasonable to consider that these radicals are highly reactive and transient, 

meaning they wouldn’t last until they reach the surface of the micelle. On the other hand, the 

low rate of degradation might be ascribed by prevention of forming hydroxyl radicals because 

of the Coulombic repulsion between the anionic surface charge and the hydroxyl anions.331’332 

In order to determine the kinetics of removal of MB via photocatalysis, the Langmuir-

Hinshelwood (L-H) model, as a first order reaction model was applied to the results. The  L-H 

model is a modification of Langmuir model because, in photocatalysis, both adsorption and 

degradation are taking place under UV.333  

ln(2&
'
) = 𝐾344 ∗ t      Equation 3.11 

Where, 
Co – initial concentration of MB 
C – concentration of MB at time t 
Kapp – apparent rate constant 

The apparent rate constant (Kapp) can easily be calculated from the graph of ln (Co/C) vs t as in 

Figure 3.22. All the kinetic data calculated is given in Table 3.10. 
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Figure 3.22 Pseudo-first order kinetics plot for the degradation of MB using CKT0.05 foam 
and TiO2 powder. 

 
Kinetics data supports initial evidence that the photocatalytic rate of TiO2 is higher than the 

foam. Also, in TiO2, two sections can be seen in the graph, indicating a two-stage oxidation of 

MB. During the first 105 minutes degradation rate was intense with a good linear coefficient 

of 0.999, after which rate changes. The second stage postulated to be due to the formation of 

intermediates and their binding to the photocatalytic surface, reducing necessary surface area 

for MB molecules to bind before removal and a more exponential growth curve develops. The 

formed intermediates block the active vacant sites and thus, lower the photocatalytic rate. 

Another reason for that can be low adsorption capacity of TiO2.334 Compared to that, CKT0.05 

foam significantly shows only one type of behaviour which highlights that even with 

intermediates, it has a good adsorption capacity (Table 3.10).  

Table 3.10 Kinetics data for photocatalytic activity of TiO2 powder and CKT0.05 foam 

 TiO2 CKT0.05 foam 
 Section 01 Section 02 
R2 0.9992 0.9347 0.9955 
Kapp (min-1) 0.0196 0.0912 0.0094 

% Removal of MB by 
photocatalysis 

99.51 91.66 

Total % removal after 
6 h 

99.57 96.11 
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3.3.4.6 Effect of Photocatalyst Dosage 

The effect of photocatalyst dosage on MB removal was investigated by using 0.5 g/L, 0.95 g/L, 

1.4 g/L and 1.9 g/L adsorbent using 10 ppm of MB solution and were performed in duplicate.  

All the data are presented in Table 3.11 and Figure 3.23.  The highest adsorption is given with 

0.5 g/L and 0.95 g/L and with the increase of the catalyst dosage, the rate of MB removal by 

adsorption was found to decrease. This can be mainly rationalised because of overcrowindg of 

adsorbent particles which can cause overlaping of adsorption sites.335  

 

Figure 3.23 Photocatalytic degradation of MB with different amounts of photocatalyst in the 
system. 

When it comes to photocatalytic activity, the 0.5 g/L solutions showed the lowest 

photocatalytic rate due to the low amount of photocatalyst in the medium. Similar to the 

adsorption scenario, the photocatalytic rates of 1.4 g/L and 1.9 g/L are lower than that of 0.95 

g/L due to the decrease of the efficiency of the photo-Fenton system.336 In a system with an 

excess amount of photocatalysts, the active sites can be blocked, catalysts can be clumped 

together, which can act as a light screen and moreover excess catalysts can make the solution 

cloudy making it difficult to penetrate light through the solution. Moreover, excessive 

formation of hydroxyl radical can led to self-scavanging reactions.337 Therefore, considering 

all the facts, 0.95 g/L was taken as the most suitable amount of catalyst for this experiment. 
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Table 3.11 Kinetics data for different amounts of catalytic dosage. 

 0.5 g/L 0.95 g/L 1.4 g/L 1.9 g/L 

Adsorption rate constant (gmg-1min-1) 0.24 0.65 0.65 1.17 

Adsorption % after 75 67 66 59 58 

Photocatalytic rate constant (min-1) 0.001 0.0021 0.002 0.0019 

Photocatalytic removal% after 6 h 73.12 78.68 71.24 71.06 

 

3.3.4.7 Effect of Amount of TiO2 in the Adsorbent on Removal of MB 

Degradation of MB is mainly driven by TiO2 as a photocatalyst. The optimum amount of TiO2 

in the adsorbent is an important parameter in industry. To determine how the amount of TiO2 

in the adsorbent affects the removal of MB, CKT foams were prepared as given in the Table 

3.12 below. All adsorption and photocatalysis kinetics data are presented in Table 3.13. 
 

Table 3.12 Prepared CKT foams with different amount of TiO2 

 CMC (g) KBr (g) TiO2 (g) 

CKT 0.025 foam 0.2 0.01 0.25 

CKT 0.05 foam 0.2 0.01 0.05 

CKT  0.1 foam 0.2 0.01 0.1 

CKT 0.5 foam 0.2 0.01 0.5 

 
The outcomes illustrate that the augmentation of TiO2 quantity has exclusively impacted the 

adsorption process. Even though the individual adsorption efficacy of TiO2 powder appears 

marginal, its role becomes prominent as part of the CMC composite, creating more available 

sites for MB adsorption. Notably, the foam containing 70% w/w (CKT 0.5 foam) of TiO2 

exhibited the highest adsorption, while the foam containing 10% w/w (CKT 0.025 foam) of 

TiO2 demonstrated the lowest. The consequential finding is that the foam with the lowest TiO2 

content showcased the highest photocatalytic activity as shown in Figure 3.24 and Table 3.13.  
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Figure 3.24 Removal of MB by CKT foams with different amount of TiO2. 

 

Table 3.13 Kinetics data for MB removal by different CKT foams. 

 CKT 0.025 

foam 

CKT 0.05 

foam 

CKT 0.1 

foam 

CKT 0.5 

foam 

Amount of adsorbed at 

equilibrium (mg/g) 

1.75 1.82 2.26 2.81 

Adsorption rate (gmg-1min-1) 3.03 3.25 1.29 4.86 

Removal of MB by 

adsorption % 

49.28 52.99 62.61 77.99 

Photocatalytic rate constant 

(Kapp) (min-1) 

0.092 0.094 0.085 0.035 

Removal of MB by 

photocatalysis % 

93.56 91.66 89.25 49.17 

Total removal of MB 96.75 96.11 95.98 88.15 

 
The rationale for the declining photocatalytic rate with increased TiO2 content mirrors a 

comparable scenario to the impact of adsorbent dosage on MB removal. Elevated TiO2 content 

in the adsorbent can lead to greater leaching of TiO2 into the solution, resulting in turbidity. 

Consequently, UV light penetration through the solution becomes challenging, impeding TiO2 

irradiation and thereby diminishing the photocatalytic activity rate. Simultaneously, it can be 

inferred that TiO2 might aggregate within the solution, contributing to the reduced 
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photocatalytic rate.338This experiment revealed another unusual observation. In region A and 

B in Figure 3.25, desorption has been dominated in the adsorption-desorption equilibrium. 

Even if this scenario has not been deeply investigated, it is believed that this can be due to self-

aggregation of MB in the solution. MB molecules generally tends to form dimers, trimers or 

H-type aggregates and the bonds that hold MB molecules together are believed to be 

hydrophobic interactions, H-bonds and van der Waal’s forces.339 When the bonds among MB 

molecules are stronger than the bonds between MB molecules and adsorbent, desorption can 

take place until the system reaches a new equilibrium. In addition, it is assumed that when UV 

irradiation occurs, the local pH of the system can be changed with formed products of MB 

degradation and this change can lead to changing charges and interactions within the system. 

Therefore, desorption can take place during that period. But as degradation continues, more 

vacant sites are created and the system starts moving forward with more adsorption.  It is clear 

this hypothesis needs to be further studied as this has not been reported greatly in the 

literature.340  

 
Figure 3.25 Different regions observed in MB removal mechanism. 

3.3.4.8 Effect of Initial pH 

The pH value of the solution is a critical factor in dye removal as it can affect the process in 

both adsorption-desorption and photocatalytic activity as it can impact on the surface 

characteristic including protonation of the functional groups and the generation of the 

radicals.341 The effect of initial pH on both dark and UV activities was studied seperately. 

Figure 3.26 presents a distinct pattern, illustrating that the efficiency of dye removal through 
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adsorption on TiO2 powder exhibited enhancement until pH 8, followed by a decline and 

subsequent rise at pH 10 and 12, respectively. Conversely, when observing CMC powder, a 

similar upward trend was noticeable until pH 8. However, CKT 0.05 foam demonstrated a 

reduction in adsorptive removal after reaching a pH of 10.. CKT 0.05 foam showed a decrease 

in adsorptive removal after pH 10. In the case of photocatalysis, both TiO2 and CKT foam 

showed an upward trend with the increase of pH. All these results can be explained using 

ionisation of the adsorbent/photocatalyst upon point of zero charge (PZC).  

 

 

 

 

 

 

 

 

 

Figure 3.26 Removal of MB at different pH values (a) total adsorptive removal % of MB 
using CMC, TiO2 and CKT 0.05 foam and (b) photocatalytic rate constants of TiO2 and CKT 

0.05 foam. 

 
As reported in the literature the PZC of CMC is around pH 3.5-5. Therefore, when pH < PZC, 

specially in the strong acidic medium both hydroxyl and carboxyl groups tend to get 

protonated, (-OH2+ and -COOH2+) thus acquire more positive charges. Since MB is also 

positively charged, a repulsion takes place between MB and CMC at lower pH which reduces 

the adsorption.326 Moreover, higher H+ in the medium can create a competition between H+ and 

MB ions towards CMC.325 On the contrary, increasing pH has led to increasing adsorption due 

to more dissociation of carboxyl groups when pH > PZC, facilitating more electrostactic 

interactions between MB and CMC. But after pH 8, the results showed a decrease in adsorption 

with the increase of pH. It is assumed that when the amount of OH- is getting increased in the 

system, hydroxyl ions can combine with MB molecules and hydroxylated MB causes a 

decrease in adsorption.325 The same trend can be seen with CKT foam in the adsorption process 

as well. Likewise, the PZC of P25 found to be pH 5.5 and this indicates that when pH is less 
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than PZC, TiO2 posseses a positive charge on the surface and and when pH is higher than PZC, 

it is a negative charge on TiO2 surface.342 This is supported by the continuous increase of the 

adsorption towards higher pH values.  

pH < PZC ; Ti-OH + H+             Ti-OH2+              Equation 3.12 

pH > PZC ; Ti-OH + OH-             TiO- + H2O       Equation 3.13 

 
Considering the photocatalytic activity, the deprotonation of Ti-OH with high pH values has 

led to a higher MB degradation rate. Aditionally, the above mentioned results prove that TiO2 

also plays a considerable role in adsorption process.  

3.3.5 Anti-Bacterial Activity Evaluation 

The impact of the prepared samples on bacteria was assessed in the presence of UV A light, 

and a negative control test was conducted simultaneously in the absence of UV light. Regarding 

the outcomes, unfortunately no notable difference was observed in the measured values across 

various experimental conditions as summarised in Table 3.14 and Table 3.15 and illustrate in 

Figure 3.27. 

 
Table 3.14 Results of antibacterial tests against E.coli. 

sample CFU/mL (E. coli) 

 With UV Without UV 

Control (bacteria solution only) 16.1 x 106 17.0 x 106 

Degussa p25 1.0 x 106 16.0 x 106 

Sample A (CMC foam) 11.9 x 106 12.8 x 106 

Sample B (CMC+KBr) 10.5 x 106 12.2 x 106 

Sample C (CMC+KBr+TiO2) 9.1 x 106 11.3 x 106 

 
Table 3.15 Results of antibacterial test against S. aureus. 

sample CFU/mL (S. aureus) 

 With UV Without UV 

Control (bacteria solution only) 4 x 106 4.4 x 106 

Degussa p25 2.5 x 106 3.7 x 106 

Sample A (CMC foam) 6.8 x 106 8.7 x 106 

Sample B (CMC+KBr) 6.5 x 106 5.1 x 106 

Sample C (CMC+KBr+TiO2) 5.9 x 106 6.0 x 106 
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UV light, and these radicals have the potential to neutralize or eliminate bacteria. Moreover, 

the surface characteristics, including the surface charge, of both bacteria and the compound 

play a crucial role in this process. In most bacterial cases, the net surface charge tends to be 

negative, which is quantified by zeta potential. Researchers such as Halder et al. have identified 

that a compound with a more positive surface charge can effectively interact with bacterial cell 

walls, influencing cell permeability and ultimately causing cell demise. Hence, there is 

uncertainty whether the prepared sample consisting of CMC, KBr, and TiO2 (-71.5 mV) could 

interact favorably with E. coli (-44.2 mV) and S. aureus (-35.6 mV), potentially leading to 

limited antibacterial properties.343  Conversely, as stated in available literature, an increased 

carbon content in the sample could hinder the photocatalytic activity by obstructing the active 

sites in TiO2. A similar scenario has been discussed in the context of the MB test, warranting 

further investigation in this area. Additionally, the physical distance between bacterial cells 

and TiO2 during photocatalysis may hinder effective interaction and necessitate a higher radical 

concentration.  But this line of research was not taken further. 

 

 
 
Figure 3.27 Photographs of the agar plates onto which E. coli bacteria were recultivated after 
keeping them in contact with samples. (A) With UV; (B) without UV; (I) control (no sample, 

bacteria only); (II) bacteria with Degussa P25; (III) bacteria with CMC powder. 
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CHAPTER 4  

In-situ Synthesis of TiO2 on CMC 

4.1 Introduction 

The previous Chapter indicated that TiO2 was potentially leeching from the CKT foam, the 

next step was to work on solutions to immobilise TiO2 in the polysaccharide matrix. If 

successful, this will improve all aspects of the process from separating the TiO2 slurry from 

treated water.344 To achieve this, attempts to synthesise TiO2 in-situ, on CMC, were explored 

as the in-situ synthesis of inorganic semiconductors such as ZnO, TiO2, CdS and PbS on 

various substrates including polymers, glass and natural fibres has gained attention recently 

due to the promising properties of the composite.345 These properties are enhanced by the 

strong bond formation between the polymer membrane and the inorganic material due to the 

on-site formation the nanomaterial. This in-situ synthesis process has been carried out in two 

different ways. 

1. Synthesis of the inorganic nanomaterial using an alkoxide and then modification of the 

substrate using the synthesised nanomaterial. 

2. Modification of the substrate directly via in-situ synthesis of the nanomaterial on the 

substrate. 

The second method has been found to be more cost and time effective as it reduces the number 

of reaction steps.346 There are number of methods such as sol-gel, solvothermal, hydrothermal, 

microwave-assisted synthesis and microemulsion used to synthesise nanostructured materials. 

Among the aforementioned methods, sol-gel method has been identified as the highly used 

method as it is very simple, low temperature and low pressure method but the structure of the 

nanomaterial produced is amorphous and it requires an extra step with high temperature for 

annealing and crystallisation.347 Even if the hydrothermal method had been listed as a high 

temperature method in the early stages, recently it has been identified as one of the most 

versatile methods to be undertaken at low temperatures. For example, according to literature, 

crystalline TiO2 has been synthesised via hydrothermal methods at low temperatures including 

60oC, 80oC, 90oC, 130oC, 150oC and so on.348’349’350’351’352 Literature reports that this method 

is capable of obtaining homogeneous, highly crystalline and different types of nanostructures. 

Hydrothermal methods use water in its vapour form as a catalyst to prepare nanocrystals in a 

sealed vessel named autoclave in the oven.353 Moreover, hydrothermal processes are cost 

effective as they eliminate the sintering process at high temperature by producing nanocrystals 
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at a high pressure but at a lower temperature in an autoclave.354 As discussed in the Chapter 2, 

combined systems for synthesising inorganic materials have been emerged to minimise the 

drawbacks caused by single methods. Out of those combined systems, sol-gel/hydrothermal 

method has gained the priority as it provides many advantages including, homogeneous 

distribution of the particles, a better control over properties like crystallinity, morphology and 

particle size, high purity, environmentally friendliness due to the use of water as the solvent, 

cost effectiveness, being able to scale up the process and many more.355’356 

In-situ synthesis of inorganic particles can encounter another drawback of rapid agglomeration. 

To prevent this issue, surfactants have been used to get a homogeneous distribution of the 

nanomaterial. In this scenario, substrates like cellulose and CMC can act as surfactants and 

help in homogeneous distribution of the nanoparticles through electrosteric stabilisation 

process as discussed in Chapter 3.357 Additionally, substrates such as CMC are hydrophilic 

substrates which help in nucleation and growth of nanoparticles. According to the previous 

research, the monomeric precursor groups of the inorganic material can chemically bind to the 

reactive groups of the cellulosic material (hydroxyl and carboxylic groups of CMC) and 

undergo hydrolysis and condensation generating inorganic nanoparticles and reactive organic 

groups.358  Furthermore, the polymer substrate can change the particle size through the way it 

covers/binds with nanoparticle. Nevertheless, there are some drawbacks of having a polymer 

substrate. The strong bond formation between the inorganic precursor monomer units and the 

active groups of the polymer can create solubility differences and prevent ions from diffusion 

for further crystallisation. Moreover, it is possible to have unreacted precursor units, undesired 

side reactions and by products which can alter the properties of the nanocomposite.359  

This chapter describes the immobilisation of TiO2 on CMC via hydrothermal assisted sol-gel 

method at a low temperature. As far as our understanding goes, no prior research has 

investigated the immobilization of TiO2 using CMC. Consequently, this chapter delves into a 

distinctive and significant research domain. 

4.2 Methodology 

4.2.1 Materials and Reagents 

Sodium carboxymethyl cellulose (degree of substitution = 0.7, average Mw = 250,000), 

titanium isopropoxide (99.99%) were purchased from Sigma Aldrich, Australia. Absolute 

ethanol and isopropanol were purchased from Chem Supply, Australia and used as is. 
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4.2.2 Synthesis of CMC-CTTIP (CTTIP) Composite 

CTTIP composites were synthesised varying different parameters as indicated below. 

1. The first CTTIP sample was synthesised at 80oC with a total volume of 180 mL inside 

the autoclave (CTTIP_80) 

2. To investigate the effect of temperature, the second sample was synthesised at 110oC, 

with the same amount of total volume; 180 mL. (CTTIP_110) 

 

In order to see the effect of the pressure inside the autoclave on the synthesis of nanocrystals, 

three different samples were prepared, varying the total volume of the solution in the autoclave 

( 

Table 4.1)  

Table 4.1 : Samples prepared varying the total volume of the autoclave at 110oC. 

Sample name Total volume (mL) 

CTTIP_110_163 163 

CTTIP_110_180 180 

CTTIP_110_200 200 

 
The general synthesis procedure can be described as follows: CMC was dissolved in milli Q 

water and after the CMC has completely dissolved, ethanol was added and the solution stirred 

for 2 h. A TTIP solution was prepared by dissolving TTIP, in 2-propanol (amount of TIIP - to 

maintain the same equivalence in the CKT foam). The quantities of solvents employed were 

calculated using the total volume inside the autoclave, and the volume ratio was consistently 

maintained across all three pressures. The TTIP solution was added to the CMC aqueous 

ethanol system dropwise and the whole system was vigorously stirred for 2 h at ambient 

temperature. The suspension was transferred to an autoclave and hydrothermally treated in an 

oven for 24 h. The suspension was then cooled naturally, and the solid product separated, 

washed with cold ethanol and water for 4 times and dried at 60o for 24 h. The ratios among 

each reactant remained constant across all three different samples. 
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4.2.3 Characterisation  

4.2.3.1 X-ray Diffraction (XRD) 

A Bruker X- ray diffractometer (XRD) D8 advance with a CuKα sealed tube (1.5418 oA) and 

Lynxeye detector was used for XRD analysis. The samples were scanned between 2 theta= 5° 

and 80° which focuses on the in-situ synthesis of TiO2 on CMC and its photocatalytic activities. 

XRD could provide deeper insights into how the observed amorphous state of TiO2 affects the 

composite's stability and effectiveness. The tube current and voltage were 40 mA and 40 kV 

respectively. 

4.2.3.2 Attenuated Reflectance Fourier Transform Infrared (ATR FTIR) Spectroscopy 

FTIR spectrum of the prepared samples were recorded using a Thermoscientific Nicolet iD5 

spectrophotometer. The functional groups of the samples were identified by spectroscopic 

analysis with the standard characterisation detection range from 800 to 4000 cm−1 to 

characterise the composite over components. 

4.2.3.3 X-Ray Photoelectron Spectroscopy 

The elemental compositions of the fabricated materials were examined through X-ray 

photoelectron spectroscopy (XPS) spectra using NEXSA XPS instrument from Thermo Fisher 

Scientific to indicate elemental composition and its alignment with composite stability and 

effectiveness. The X-ray source used was Al Kα at 75 W. Subsequently, the acquired data was 

subjected to analysis through the casaXPS software. 

4.2.3.4 Thermogravimetric Analysis (TGA)  

The thermal stability of the synthesised materials was investigated using Q500-0341 TGA 

instrument. TG curve represents the evolution of the mass as a function of the temperature. The 

sample was heated from room temperature to 1000°C under a nitrogen atmosphere at a heating 

rate of 10°C/min. TGA gives information on thermal stability which informs on composite 

viability. 

4.2.3.5 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 
Analysis 

A Hitachi S-4800 scanning electron microscope with a field emission gun was used to analyse 

the surface morphology and structure of the samples as an indication of surface roughness, 

porosity and surface area. The samples were gold coated using a sputter coated before 

observation.  
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4.2.3.6 Zeta Potential Analyser  

Zeta potential analysis of TiO2 and CTTIP suspensions were carried out using a Malvern 

Zetasizer Ultra zeta potential instrument. Measurements were performed on a dilute suspension 

at native pH to determine overall charge of composite particles. 

4.2.4 Photocatalytic Activity 

This procedure was undertaken to assess the photocatalytic effectiveness of the synthesized 

samples against both cationic and anionic dyes and phenols. The primary aim was to determine 

the potential stabilization of TiO2 within the polymer matrix using this approach. 

4.2.4.1 Degradation of Dyes 

Methylene blue (MB) and methyl orange (MO) were used as the model dye samples and the 

concentrations were monitored by a Shimadzu UV Visible spectrometer at 665 nm and 465 nm 

respectively. A 50 mL volume of the solution with 0.87 g/L of the CTTIP powder was first 

kept in the dark for 75 minutes until it reached adsorption equilibrium and then exposed to the 

UV light source over 4 h, under stirring. Samples were taken every 15 min. The suspension 

was centrifuged out using an Eppendorf Minispin Centrifuge at 13,000 rpm for 10 min.  

Two parallel experiments were conducted, one in dark and the other one under UV A (365 nm). 

Both MB-sample mixtures were kept in the dark for 75 min until they reach their adsorption-

desorption equilibrium. Once reached, one of the samples was irradiated with UV (365nm, 

1W) and other was kept in the dark. The same method was followed with TiO2 powder (9 mg) 

and CMC powder (36 mg). These masses were obtained by a back calculation.  The degradation 

of the dyes under sunlight with CTTIP composite was conducted for 2 h, according to 

aforementioned method on a sunny day with a temperature of 35oC. 

4.2.4.2 Liquid Chromatography – Mass Spectroscopy (LCMS) Analysis 

The LC-MS analysis was carried out to identify the intermediates during the process and the 

degradation mechanism. Samples were analysed using high resolution mass spectrometry on 

an Agilent 6510 quadrupole time-of-flight mass spectrometer operated in positive mode. Flow 

injections of 10 ul were delivered using an Agilent 1290 Infinity liquid chromatography 

system, with a total flow of 0.3 ml /min and [ultra-pure water; ACN] used as the mobile phase. 
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4.2.4.3 Degradation of Phenol 

A 100 mL of 25 ppm phenol solution with 0.87 g/L of CTTIP_200 was kept in the dark for 1 

h until it reached the adsorption equilibrium and then exposed to the UV light source (665nm) 

until phenol completely degrades, under stirring. Samples were taken every 15 minutes during 

rapid change extending to 1 h when little further change was recorded. The suspension was 

centrifuged out using an Eppendorf Minispin Centrifuge at 13,000 rpm for 10 min. The 

disappearance of phenol was observed using Shimadzu UV Visible spectrometer at 270 nm. 

4.3 Results and Discussion 

4.3.1 Analysis of CTTIP_80 

4.3.1.1 X-ray Diffraction (XRD) 

XRD profiles of CMC and CTTIP_80 are shown in Figure 4.1. The broad diffraction peak at 

21.830 in the CMC profile is attributed to the amorphous nature of CMC.278  Nevertheless, only 

a broad peak could be observed in CTTIP XRD spectrum, and that peak could be assigned to 

amorphous TiO2.360 This indicates that the temperature used might not be enough for the 

crystallisation process. Moreover, no CMC peak could be seen in CTTIP graph, showing that 

formed amorphous TiO2 and CMC phases could have been mixed well. 

 

Figure 4.1 XRD patterns of raw materials and CTTIP_80 
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4.3.1.2 Brunauer–Emmett–Teller (BET) Analysis (BET) 

Surface area analysis is a very important characterisation method when it comes to preparation 

of adsorbents. BET surface area of CTTIP is 35.42 m2/g which is about 70 times higher than 

CMC powder itself. This supports the premise that in-situ synthesis of TiO2 on CMC using 

hydrothermal assisted sol-gel synthesis pathway can increase the surface area of final 

composite.195 While the BET analysis underscores the increased surface area it could be more 

directly related to the composite's photocatalytic efficacy as a result. 

4.3.1.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) was again employed for the characterization of the 

synthesized composite ( 

Figure 4.2). Notably, Ti peaks were detected at 458.46 eV (Ti4+ 2p 3/2) and 464.26 eV (Ti4+ 

2p 1/2), providing clear evidence of the presence of TiO2 in the synthesised material as the 

major objective. Moreover, the Ti 2p profile revealed the occurrence of titanium oxohydroxide 

(TiO(OH)2), which is a plausible product formed during the hydrothermal synthesis process.361 

The presence of Ti in the composite was further corroborated by the Ti-O-C peak evident in 

both the C1s and O1s spectra, with binding energies cantered at 285.96 eV and 529.76 eV, 

respectively.362 Additionally, the general C peaks were observed at 284.76 eV (C-C), 286.46 

eV (C-O), 287.96 eV (C-O-C), and 289.16 eV (C=O), while the peaks from the O1s profile 

were identified at 531.10 eV (C=O), 532.76 eV (C-O), 532.96 eV (O-H), and 536.06 eV (Na 

auger peak).363’364 Remarkably, no significant peak shifts were discernible in this context when 

comparing the spectra to those of CMC powder. 



91 
 

 

Figure 4.2 : XPS analysis of CTTIP_80 (a) wide scan of CTTIP, high resolution spectra of 

 (b) C1s, (c) O1s, (d) Ti2p. 

4.3.1.4 Thermogravimetric Analysis (TGA) 

The stability of the crosslink formation in this process was assessed by TGA analysis and 

compared to CMC powder ( 

Figure 4.3). The first stage from 40–200oC is attributed to the removal of water in the form of 

both physically adsorbed and trapped water, and the weight loss is approximately 15%. This 

stage is commensurate for CMC. Next stage from 200 – 370oC is attributed to degradation of 

saccharides rings and evolution of CO2. In this stage the weight loss is around 23%. The third 

stage from 390oC could be assigned to the breaking of C-O-C bonds and carboxyl groups365 

and the weight loss is about 18%. The residue of CTTIP after heating up to 1000oC is 

approximately 37.5% which indicates stability of CTTIP is higher compared to CKT foam 

14%, and represents mostly carbonaceous and metal-based residue as compared to CMC 

powder. 
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Figure 4.3 TGA curves of CMC powder and CTTIP_80. 

 

4.3.1.5 Methylene Blue Degradation 

Methylene blue testing was carried out using a 3 ppm solution to investigate adsorption and 

photocatalytic activity of newly prepared CTTIP sample (0.0872 g/L) against the degradation 

of MB’s distinctive blue colour (lmax = 665 nm). In the dark reaction time, the system reaches 

the equilibrium in 15 minutes with a total dye removal of 93%, indicating this new material 

possesses a high adsorption capacity for MB. According to the literature, the formation of 

crosslinks increases the surface area and adsorption due to what is described as a lower 

wrinkling of cellulose chain.366  The zeta potential value of CTTIP was calculated as -47.8mV 

indicating, the material is highly negative which helps in formation of electrostatic bonds with 

cationic MB molecules. On the other hand, this zeta potential value is less than that of CKT0.05 

foam (-69.6mV). From this, we assume that surface area and crosslinks might play a 

cooperative role in adsorption alongside surface charges. From a practical standpoint, CTTIP 

needs to be stirred constantly in the aqueous solution to have a homogeneous mixture, as 

otherwise the composite tends to agglomerate. Figure 4.4 shows the fast removal of MB by 

CTTIP as indicated by the removal of the blue colour from solution. No observable changes 

could be observed when MB solution with CTTIP was exposed to UV (Figure 4.5). Despite 

the identification of TiO2 and TiO(OH)2 through XPS analysis, the morphology may still be in 

the amorphous state, as indicated by XRD analysis. According to literature, there are also two 
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problems arising in TiO2 immobilisation344: The low accessibilty of formed radicals to the 

photons and the adsorbate because TiO2 has embedded in the network; Resistance of the mass 

transfer at low fluid rate as a result of high diffusion. 

 

 
 

Figure 4.4: Removal of MB over the time. 

 

 

Figure 4.5 : A comparison of adsorption of MB on to different materials indicating the high 
absorption of MB on CTTIP. 

The correct ratio between CMC and TiO2 is a crucial factor. The findings from Chapter 3 and 

Chapter 4 indicate that a higher quantity of CMC hinders the photocatalytic activity, while a 

higher amount of TiO2 tends to separate from the composite and leech out during the process. 
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These outcomes present a disadvantage in industrial applications. Therefore, our next objective 

was to immobilise TiO2 in CMC, as the composite exhibited a good photocatalytic activity.   

 

4.3.2 Analysis of CTTIP_110 

As a strategy to enhance the photocatalytic activity of CTTIP samples based on obtained 

results, it was decided to increase the reaction temperature to 110oC to complete the reaction. 

The selected temperature was determined based on its maximum value achievable without 

causing degradation to CMC, as indicated by TGA analysis. Interestingly, as shown in Figure 

4.6, the XRD analysis of this newly prepared sample revealed the presence of anatase peaks, 

indicating the advantage of elevated temperature. 

 

 
 

Figure 4.6 : XRD graph of synthesised CTTIP_110 sample. 

Consequently, as the next step to examine the influence of autoclave pressure on crystal 

formation, three distinct samples were prepared, as shown in Table 4.1, with variations in the 

total volume within the autoclave to modify the headspace volume. All the prepared samples 

were analysed using the techniques specified in the upcoming subsections. 

4.3.2.1 X-Ray Diffraction (XRD) 

As mentioned earlier, XRD analysis played an important role in this research to confirm the 

success or failure of the modification steps taken. Based on the diffraction patterns observed,  

the crystalline peaks of TiO2 were clearly seen with higher temperature procedures, and no 

peak corrosponding to CMC was observed in XRD spectra of all three composites, indicating 



95 
 

CMC is dispersed uniformly in TiO2 matrix.367 The only phase of TiO2 present in substantial 

quantities within the samples was determined to be anatase - the 2θ peaks at 25.5, 38.1, 48.1, 

54.35, 55.4, 62.75 are corresponded to the crystal planes of 101, 004, 200, 201, 211, 204 for 

anatase, respectively (Figure 4.7). No any additional crystalline or amorphous phases of TiO2 

were detected from XRD results. It can be assumed that the CMC network may have controlled 

the mobility of cations, thus the formation of other TiO2 phases or converting anatase to other 

phases.368  Previous studies have reported the synthesis of anatase TiO2 at lower temperatures 

ranging from room temperature to 160°C. However, most of them were unable to obtain a good 

crystalline phase until they went through calcination at a higher temperature. Nonetheless, there 

are some documented examples of successfully synthesizing TiO2 in the anatase phase at even 

lower temperatures (T ≤ 130°C) which further supports this research outcome.369’370 Table 4.2 

summarises a few examples of such cases. 

 

 
 

Figure 4.7 : A comparison of XRD patterns of CMC and synthesised samples. 

To understand more about the role of CMC, TiO2 was synthesised under the same conditions 

without CMC, as a control. As depicted in Figure 4.7, this step proves anatase nanoparicles can 

be synthesised at lower temperatures in the absence of CMC. Crystallite sizes have been 

calculated using XRD data related to (101) crystal plane of anatase using Scherrer equation371 

and the results are summerised in Table 4.3. These results imply that CMC may have played a 

cooperative role in the synthesis of these crystalline phases.   

 
Table 4.2 : Literature examples for low temperature synthesis of TiO2. 

Research Process Synthesis temperature Reference 
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𝐷 = 5∗	7
89:;<

     Equation 4.1 

Where, D – crystallite size in nm 

              K – a constant which depends on the method used, and varies between 0.5 and 1, but 

usually taken as around 0.9 

           λ – X-ray wavelength 

           θ – diffraction angle of the peak in radians 

           β – broadening due to particles 

 

Table 4.3: Crystallite sizes calculated for samples. 

 
 
 
 
 
 
 
 
 
The tabulated results clearly show that crystallite sizes are considerably larger than in some 

publications.375’376  It has been mentioned that high temperatures and longer reaction time can 

produce large crystals due to sintering of TiO2.372 As indicated in the mechanism, TiO2 

precursors and formed TiO2 can bind to functional groups within the CMC, and thus CMC can 

cover TiO2 like a micelle where formation of TiO2 can take place inside.377 A thorough 

explanation of the mechanism will be explored later in this Chapter. 

 

Synthesis of anatase using poly acrylic acid ambient temperature 372 

Synthesis of anatase ambient temperature 373 

Synthesising TiO2 nanoparticles of 

polyethersulfone and polyvinylidine fluoride 

110oC 353 

Synthesis of TiO2 nanoparticles on wool Hydrolysis at 65oC and 

curing at 120oC 

347 

Synthesis of TiO2 on polyethylene glycol Room temperature 374 

Synthesis of TiO2 on polyurathane 90oC 359 

Synthesis of TiO2 on cellulose 80oC 357 

Sample Crystallite size (nm) 

TiO2  57.6  

CTTIP_110_163 85.2 

CTTIP_110_180 78.0 

CTTIP_110_200 84.9 
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4.3.2.2 Scanning Electron Microscopy (SEM) 

The morphology of prepared samples was explored by SEM analysis. As shown in the Figure 

4.8, CMC powder has a rod like structure, while the synthesised TiO2 powder has the regular 

crystalline anatase morphology with smooth surfaces and sharp edges.378 The morphology of 

composite samples appear as a mixture of particles with regular crystalline structure and 

irregular, rougher structures. This may be due to the presence of CMC as a surfactant and its 

influence on the growth rate in specific directions with high surface energy, resulting in the 

formation of a wide variety of nanocrystal shapes.379 Moreover, the round edges of the crystals 

align with previously published data and according to literature this can be another effect of 

having CMC in the system..380 No distinct differences could be identified among all three 

CTTIP_110 samples. 

 
 

Figure 4.8 : SEM images of (a) CMC powder; (b) synthesised TiO2 powder; (c) 
CTTIP_110_163; (d) CTTIP_110_180; (d) CTTIP_110_200. 
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4.3.2.3 Attenuated Reflectance Fourier Transform Infrared (ATR FTIR) Spectroscopy 

ATR-FTIR analysis was conducted to identify the functional groups and the interactions 

between CMC and the formed TiO2 composite (Figure 4.9). FT-IR spectrum of CMC is as 

same as characterised in Chapter 3. The FT-IR spectrum of synthesised TiO2, revealed peaks 

at 3163,1739, 1367 and 1217 cm-1 corresponding to  ̶ OH stretching,  ̶ C=O stretching,  ̶ OH 

bending and  ̶ C ̶ O stretching respectively.381 These C peaks might have come from the residue 

of the precursors used to synthesise TiO2. Moreover, according to the literature, the wide broad 

band in the range of 1000-400 cm-1 is attributed to Ti ̶ O and O ̶ Ti ̶ O bonds.382 With correspond 

to the prepared composites, a distinguishable change in peak intensities could be observed 

between CTTIP_110_163 and CMC powder, indicating; (i) the well formed interactions 

between CMC functional groups and formed TiO2; (ii) the interactions between CMC and other 

chemicals (ethanol, isopropanol and TTIP) in the system; and (iii) the shielding effect of TiO2 

on the underlying CMC.383 

 
 

Figure 4.9 : ATR-FTIR spectra of (a) CMC powder (b) TiO2 (c) CTTIP_110_163 (d) 
CTTIP_110_180 (e) CTTIP_110_200. (The coloured areas; 1367 cm-1 – OH bending and 

1367 cm-1  C-O stretching) 
 

4.3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

In this study, X-ray Photoelectron Spectroscopy (XPS) was conducted to explore the 

composition and chemical bonding characteristics of CMC powder and various synthesized 

samples (Figure 4.10). The results including fitting parameters are shown in Table 4.4. 



99 
 

 

 
 

Figure 4.10 High-resolution XPS profiles of (A) CMC powder, (B) synthesised TiO2 powder, 
(C) CTTIP_110_163, (D) CTTIP_110_180, (E) CTTIP_110_200. 
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The high-resolution Ti 2p XPS profiles revealed the presence of both Ti4+ and Ti3+ oxidation 

states of titanium in all the synthesized TiO2 and CTTIP_110 samples. Notably, the formation 

of Ti3+ oxidation state was attributed to the relatively low synthesis temperature employed.384 

In the C1s XPS profile of TiO2 powder, distinctive C peaks, including C-C, C-O, and C=O 

bonds, were evident. These features were likely induced by the precursors employed during 

TiO2 synthesis, with the formation of C=O bond indicating in-situ carbonization as previously 

reported in the literature.385 Furthermore, we observed the formation of TiO(OH)2 in all the 

synthesized samples, which is postulated to arise from the transformation of alkoxide species 

and the adsorption of other hydroxyl groups present in the system onto the TiO2 surface.386  

 
Table 4.4 XPS fitting parameters of CMC, synthesised TiO2, CTTIP_110_163, 

CTTIP_110_180 and CTTIP_110_200. 

C1s 

Peaks CMC TiO2 CTTIP_110_163 CTTIP_110_180 CTTIP_110_200 

C-C 285.06 285.34 284.66 284.90 284.88 

C-O 286.75 286.78 286.30 286.72 286.40 

C-O-C 288.42  287.03 286.02 287.97 

C=O 289.58 289.46 288.45 288.46 288.77 

Ti-C  284.27 283.75 284.07 284.35 

Ti-O-C   285.40 285.52  

O1s 

C-O 532.95  532.19 533.00 534.03 

O-H 531.39 532.46 530.53 531.30 530.78 

Ti4+-O  530.91 529.16 529.84 529.41 

Ti3+-O  530.76 528.85   

Na auger 535.71  534.76 535.36 535.02 

Ti 2p 

Ti4+ 3/2  459.64 458.00 458.60 458.19 

Ti4+ 1/2  465.35 463.70 464.30 463.88 

Ti3+ 3/2  458.59 456.92 457.64 458.01 

Ti3+ 1/2   465.94 466.62 464.07 

TiO(OH)2  461.35 459.53 460.32 460.11 

Satellite   471.15 471.75 473.55 
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The analysis of the binding energy separation between the Ti spin-split components (Ti 2p 3/2 

and 1/2) in Ti-containing samples showed an approximate value of 5.71, aligning with the 

literature values reported for anatase.387 Notably, the XPS profiles of CTTIP_110 displayed 

either positive or negative binding energy shifts compared to their precursors (CMC and TiO2). 

For instance, the Ti4+ peaks in TiO2 powder exhibited a lower binding energy value in all three 

CTTIP_110 samples, which can be attributed to the formation of additional suboxides of Ti 

(Ti3+).388 Conversely, in the O1s XPS profile of CTTIP_200, a positive shift of 1.08 eV was 

observed in the C-O peak compared to CMC powder. This observation may be attributed to the 

formation of strong bonds between the newly formed Ti species and the C-O moiety. 

4.3.2.5 UV-Vis Diffuse Reflectance Spectroscopy (DRS) 

DRS is a valuable technique to obtain the optical properties of a chemical species. When the 

light incidents on a sample, the light can undergo scattering in multiple directions within the 

material. These scattered lights are collected by a detector positioned at a specific angle. This 

detected light is termed “remitted light”.389 In the context of this research, this technique was 

utilised to examine the optical characteristics and band gaps of both synthesized CTTIP 

samples and TiO2.  As shown in absorbance and band gap spectra in Figure 4.11, prepared 

CTTIP samples possess the ability to absorb the light of both UV region (λ < 400 nm, E > 3.0 

eV) and the visible region (400< λ <800 nm, 1.5 < E < 3.0).The maximum absorption 

wavelength of all the synthesised samples is beyond 400 nm, indicating the absorption of 

visible light range.390 

To confirm this behaviour of the synthesised samples, band gaps were obtained using the 

Tauc’s plot.391 It is a well known fact that anatase has an indirect band gap, therefore, (F(R)*h 

ʋ)1/2 vs hʋ was plotted for indirect band gaps. Here, ‘F(R )’ is the Kubelka-Munk function, ‘h’ 

is Plank’s constant and ‘ʋ’ is the frequency of the photon.392  According to literature, the 

reported range for the indirect band gap of anatase is typically between 3.0-3.2 eV, with a 

commonly observed value of around 3.2 eV.393’394 However, in this project the band gap of 

synthesised anatase was found to be 3.0 eV. This change can be attributed to the formation of 

Ti3+ during the synthesis process. The presence of Ti3+ within the TiO2 lattice structure 

contributes to lowering the band gap by creating intermediate energy levels between valence 

and conduction band and also by limiting the electron-hole recombination.395 Moreover, it has 

been reported that Ti3+ sites can generate oxygen vacanies which can enhance the absorption 

of visible light.396  
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Figure 4.11 (a) absorbance vs wavelength spectra of synthesised samples, indirect energy 
band gap plot ((F(R)*h ʋ)1/2 vs hʋ) of (b) all synthesised samples for comparison (c) 
synthesised TiO2 (c) CTTIP_110_163 (d) CTTIP_110_180 and (e) CTTIP_110_200. 

 

The band gaps of all three CTTIP samples are lower than 3.0 eV, suggesting that these 

composites possess a good visible light absorption. This can be attributed to having both carbon 

rich CMC and Ti3+ defects in the system. Even if the mechanism by which biopolymers like 

cellulose, chitosan and CMC contribute to narrowing the band gap has not been extensively 
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investigated, some studies have revealed that these polymers can create impurity energy levels 

in between valence and conduction bands, thus new electron transferring pathways.397’398 

Moreover, it has been found out that C ̶ O bonds within a biopolymer/TiO2 composite can 

promote the charge separation.399 When comparing the three CTTIP samples prepared, 

CTTIP_110_180 showed the highest band gap (2.92 eV),  CTTIP_110_200 is 2.86 eV while 

the lowest band gap is owned by CTTIP_110_163 (2.74 eV). These variations can be due to 

the differences of crystallite size as demonstrated by XRD analysis. It is known that higher the 

crystallite size, the lower the band gap, and higher the photocatalytic activity.400’401  

 

4.3.2.6 Zeta Potential Analysis 

Zeta potential is an important analysis to assess the colloidal behaviour, dispersion and the 

stability of the nanomaterial suspension as well as provide information about the surface 

charges and their distribution.402 The zeta potential of all prepared samples are presented in 

Table 4.5. Synthesised TiO2 showed a positive zeta potential value while all three samples with 

CMC displayed negative zeta potential values, attributed to the carboxylic groups of CMC.403 

In contrast to CKT foams, the magnitude of the negative zeta potential values of CTTIP 

samples were comparatively low. Generally, nanoparticles with zeta potential values above 

+30 mV and below -30 mV are considered as strongly cationic or anionic respectively 

indicating high stablity in its suspended state.311 Moreover, it can be assumed that the low 

magnitude of the negative values may be caused by improved interactions between TiO2 and 

carboxylic and hydroxyl groups in CMC. 

 

Table 4.5 : Zeta potential values of TiO2 and CTTIP_110 composites 

Material Zeta Potential (mV) 

TiO2 23.4 

CTTIP_110_163 -7.64 

CTTIP_110_180 -15.5 

CTTIP_110_200 -11.2 

 

4.3.3 Removal of Dyes 

Two types of organic dyes, cationic (MB) and anionic (MO) dyes were utilized to explore the 

adsorptive and photocatalytic characteristics of synthesised CTTIP samples.  MB is a well-
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known cationic dye which has been highly utilised as a model dye in research focused on 

wastewater treatment. 

4.3.3.1 Adsorption Kinetics 

The unique characteristic of immobilizing TiO2 in a CMC matrix is that the resulting composite 

exhibits a high surface area which results in outstanding adsorption properties even at high 

concentrations.190 Even if the zeta potential values are lower than those of CKT foam, the 

adsorption properties of CTTIP_110 composites surpassed those of CKT foams. This suggests 

that the high surface area, pore volumes, and availability of active sites in CTTIP composites 

contribute to their excellent adsorption capability. Figure 4.12a illustrates, the adsorption of 

MB to CMC, synthesised TiO2 and CTTIP composites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 : (a) Adsorption of MB on to different samples and (b) Graph of pseudo second 
order adsorption kinetics 
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Synthesised TiO2 shows a very small adsorption which is similar to the results obtained using 

commercial TiO2 used in Chapter 3. In contrast, the adsorption of CTTIP composites are 

considerably higher than CMC powder and CKT foam, proving in-situ synthesis of TiO2 on 

CMC has increased the properties of both CMC and TiO2. Moreover, there is no significant 

difference in the percentage of adsorptive removal of MB observed among three CTTIP_110 

composites during the 75-minute dark reaction. The adsorption kinetics of all three CTTIP_110 

composites was studied using both the pseudo-first and pseudo-second order kinetics models, 

as described by the equations provided in Chapter 3 (Equation 3.3).317 The results of the 

pseudo-second order calculations are summarised in Table 4.6. The data indicates that the 

adsorption of MB on these adsorbents follows the pseudo-second order kinetics model. Figure 

4.12b illustrates the pseudo-second order graphs for CMC powder, TiO2 powder, and 

CTTIP_110 samples. The adherence to pseudo-second order adsorption kinetics indicates that 

the adsorption process is primarily controlled by chemisorption.404 These results conclude that 

both the surface area and the presence of negative charges within the composite (zeta potential) 

significantly influence the adsorption process. 

 

Table 4.6 : Kinetics data obtained from pseudo-second order adsorption kinetics 

Parameters CCTIP_110_163 CCTIP_110_180 CCTIP_110_200 

Experimental Qe (mg/g) 11.56 11.67 12.18 

Theoretical Qe (mg/g) 11.60 11.68 12.19 

K (min-1) 1.42 2.52 2.24 

R2 0.9999 0.9999 1.000 

MB adsorption % after 

75 minutes 

98.40 >99 >99 

4.3.3.2 Adsorption Isotherms 

To determine the relationship between the adsorbent and the adsorbate, including the manner 

in which adsorbate molecules attach to the surface of the adsorbent when equilibrium is 

attained, the two isothermal models - namely Langmuir and Freundlich - were utilised. As 

explained in Chapter 3, the Langmuir isotherm model represents monolayer adsorption, while 

the Freundlich model is based on heterogeneous adsorption involving multiple layers.405 All 

the equations used (Equation 3.8 and 3.9) in this study can be found in Chapter 3. 
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Figure 4.13 : Plots of (a) Langmuir adsorption isotherm, (b) Freundlich adsorption isotherm. 

 
Based on the linear regression values obtained from the analysis of the adsorption isotherm in 

Figure 4.13 it is evident that CTTIP_110_163 follows a Langmuir adsorption isotherm while 

CTTIP_110_180 and CTTIP_110_200 follow a Freundlich adsorption isotherm. However, a 

closer examination suggests that CTTIP_110_200 samples exhibit characteristics of Langmuir 

adsorption isotherms at higher concentrations. It is important to note that maximum adsorption 

capacity from the Langmuir and Freundlich isotherms cannot be directly compared despite 

having the same units because the Freundlich constant does not predict the maximum 

adsorption.406 Additionally, for both CTTIP_110_180 and CTTIP_110_200, the samples that 

facilitate multilayer adsorption, the heterogeneity factor is lower than 1, indicating that the 

adsorption is a favourable chemical process.329  According to the literature, when the value of 

"n" is less than 1, the molecules tend to adsorb onto the surface in a horizontal orientation 

through multilayer adsorption.330 The summarised results are shown in Table 4.7. 
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Table 4.7 : Adsorption isotherm data for the three composites. 

 CTTIP_110_163 CTTIP_110_180 CTTIP_110_200 

Langmuir adsorption isotherm 

Maximum adsorption capacity 

(mg/g) 

232.55 138.88 555.55 

Langmuir constant (L/mg) 0.49 2.18 2.83 

R2 0.9986 0.9900 0.9903 

Freundlich adsorption isotherm 

Freundlich constant (mg/g) 162.06 303.03 192.63 

Heterogeneity factor 1.08 0.90 0.09 

R2 0.9777 0.9962 0.9968 

 

4.3.3.3 Effect of Initial Dye Concentration on Removal of MB  

To determine the impact of initial dye concentration, a range of concentrations of MB (4 – 200 

ppm) was used. It was observed that the adsorption capacity increased as the initial 

concentration of the dye increased, and this can be attributed to the enhanced mass transfer of 

MB molecules to the adsorbent.319 Remarkably, from 4 ppm until 200 ppm the percentage 

removal of MB exceeded 99%, indicating the remarkable adsorption properties of the 

adsorbent, which provides abundant vacant and accessible sites for MB molecules. 

Additionally, at higher concentrations, the competition among MB molecules becomes 

significantly low due to the availability of more vacant sites.  MB is also known not only to 

exist as a monomer in solution, but also dimer meaning the observed adsorption can occur by 

more than one mechanism. 

Importantly, our observations suggest this high concentration of MB has a negative impact on 

dye degradation. The efficiency of MB degradation decreases as the active sites on the 

adsorbent surface become covered by adsorbed dye molecules, resulting in a low production 

of radicals. Furthermore, the penetration of light to reach the target photocatalysts becomes 

difficult at high concentrations of dye solutions. These factors collectively contribute to the 

decrease in MB degradation efficiency at higher concentrations.407 

4.3.3.4 Photocatalytic Degradation of MB 

To explore the photocatalytic degradation of cationic MB, all prepared samples were exposed 

to both UV and sunlight.  In this context, a UV lamp was employed to replicate approximately 
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7% of the solar UV light present in natural sunlight. CMC powder alone did not show any 

photocatalytic activity under UV light while synthesised TiO2 and CTTIP_110 composites 

exhibited useful photocatalytic activity (Figure 4.14). Table 4.8 reveals that CTTIP_110_200 

exhibited the highest photocatalytic rate under UV while CTTIP_110_180 possesses the lowest 

of all. Moreover, as discussed in 3.3.4.1 it can be assumed that strong adsorption capability has 

facilitated the high photocatalytic activity of all CTTIP samples. However, it should be 

highlighted that all three CTTIP_110 samples displayed useful photocatalytic performance 

even with a UV A lamp of 1W which comparably lower in power than what has been reported 

in literature (Table 4.9).55-59 

Table 4.8 : Summary of photocatalysis kinetic data for samples evaluated in this chapter. 

 TiO2 CTTIP_110_163 CTTIP_110_180 CTTIP_110_200 

Photocatalytic rate 
constant (min-1) 

0.0135 0.0539 0.0585 0.1239 

Photocatalytic 
degradation % 

95.91 89.54 87.68 > 99 

Desorption %  71.14 75.52 13.19 

 

Table 4.9 : Summary of photocatalytic activity of different samples based on the power of the 
UV lamp used. 

Material Dye 
concentration 
(ppm) 

Photocatalyst 
Amount 
(g/L) 

Power 
of UV 
light 
source 
(W) 

Rate 
(%)a 

Irradiation 
time  

Reference 

MnTiO3 16 0.1 UVA -
100 W 

15 5 h 408 

0.5% Pd-
TiO2 

20 1 UVA 

100 W 

99.4 120 min 409 

PANI-TiO2 
(3%) 

10 0.5 UV C –  

32 W 

99.6 60 min 410 

TiO2/Ti3C2 60 0.5 UV A – 
500 W 

96.4 60 min 336 

Silane/ TiO2 10 0.01 UV C –  

24 W 

65 5 h 411 

a Rate % = photocatalytic degradation amount. 
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Although this phenomenon has not been extensively studied, it is hypothesised that the 

observed behaviour may be attributed in part to the self-aggregation of methylene blue (MB) 

molecules in the solution as described above. MB molecules have a tendency to form dimers, 

trimers, or H-type aggregates, with the bonding between these molecules believed to involve 

hydrophobic interactions, hydrogen bonds, and van der Waals forces. When the bonds among 

MB molecules are stronger than the bonds between MB molecules and the adsorbent, 

desorption can occur until the system reaches equilibrium. Furthermore, it is speculated that 

when the UV light is turned on, the localised pH of the system may change due to the formation 

of degradation products from MB – a phenomena we explore later one. This pH change can 

result in altered charges and interactions within the system, potentially leading to desorption 

during this period. However, as the degradation process continues, more vacant sites are 

created, enabling the system to progress towards increased adsorption onto the adsorbent. 

 

 

 

 

 

 

 

 

Figure 4.14: (a) Photocatalytic degradation of MB assisted by adsorption (b) a representation 

of Photocatalytic degradation of MB by CTTIP_110 composites only to show the areas where 

the desorption is prominent. 

The spectrum of primary MB molecules displays a major peak at 665 nm, which is associated 

with the MB monomer and its n-π* transition.412 Additionally, a shoulder peak is observed at 

613 nm. There are different explanations in the literature regarding the origin of this peak at 

613 nm. Some reports suggest that it is due to MB dimers,413 while others propose that it is a 

result of a π-π* transition.414 For completeness, MB also exhibits a strong absorption band at 

291nm which is attributed to the substituted benzene rings.415   



110 
 

Figure 4.15 illustrates the results of the degradation pathway of methylene blue (MB) over 

time. It is evident that from 15 minutes to 120 minutes, there is a noticeable increase in the 

intensities of peaks at 577-580 nm. This indicates a blue shift in the absorption band of MB, 

moving from 610-570 nm to the range of 577-653 nm. This blue shift phenomenon can be 

attributed to the self-association of MB, as peaks around 577-580 nm are known to be 

associated with trimers.416’417 The intensity of these peaks increases from 15 minutes to 120 

minutes before subsequently decreasing. This provides the evidence that UV light stimulates 

the desorption and formation of MB trimers.  Careful examination of the UV-Vis spectroscopy 

data also shows significant absorption at 650 nm and 607 nm was observed, which can be 

attributed to specific monomer mesomers and dimers of the methylene blue (MB), 

respectively.418 However, these peaks are not prominently visible in the UV spectrum as their 

intensities are considerably lower compared to the major peaks. Additionally, it has been 

reported that absorptions between 585 nm and 605 nm are associated with ‘multipers’, although 

the exact positions of these peaks can vary depending on factors such as pH, solvent type, MB 

concentration, and the light sources employed for photodegradation.419 Furthermore, it has 

been documented that MB has a tendency to self-aggregate, particularly at higher 

concentrations.420 

 

Figure 4.15: Absorption spectrum of MB aqueous solution (10 ppm) over time in the 
presence of a photocatalyst. 

 
According to the data presented in Table 4.8, CTTIP_110_200 demonstrates the lowest 

percentage of desorption, whereas CTTIP_110_180 exhibits the highest. This could be 

attributed to structural modifications occurred during the synthesis process. Consequently, 
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further characterisation is necessary for a more comprehensive analysis of the chemical 

structure of CTTIP samples. 

4.3.3.5 Photocatalytic Degradation Under Direct Sunlight 

The band gap results of the synthesised samples were validated by analysing the photocatalytic 

activity of the synthesised samples under UV and direct sunlight through degradation plots of 

C/Co vs time (Figure 4.16). The degradation of dyes in the presence of photocatalysts was 

observed to be more rapid under direct sunlight compared to UV light.  

Several interesting observations have emerged from this analysis. Firstly, a considerable self-

degradation of MB (in the absence of a photocatalyst) which is called ‘photolysis’ could be 

observed over the time. The bandgap of methylene blue (MB) is measured to be 2.43 eV, 

allowing it to absorb visible light photons and MB is capable of absorbing light in the 

wavelength range of 500–700 nm. This absorption leads to the formation of singlet and triplet 

species through electronic transition and intersystem crossing processes and undergo self-

decomposition to a certain degree. In this visible-light-driven self-decomposition of MB, it 

demonstrates self-photosensitizing properties, especially in applications including 

phototherapy and water photo-splitting.420’421 

 

Figure 4.16 : Comparison of degradation rate of MB (a) under UV, (b) under direct sunlight. 

 
Two processes can take place in this photolysis phenomenon;  

I. Partial decomposition of MB:422 

2 C16H18N3SCl + 25 O2                   2 HCl + 2 H2SO4 + 6 HNO3 + 16 CO2 + 12 H2O 
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II. Complete decomposition of MB – As documented in the literature this process depends 

on few factors such as pH of the system, light intensity, MB concentration and available 

O2 amount. Moreover, the complete photolysis is prominent in alkaline pH. In alkaline 

conditions, hydroxyl radicals (˙OH) are generated through the monoelectronic 

reduction of MB+ radicals by OH¯. The ˙OH radicals can then undergo reactions with 

each other, leading to the production of hydrogen peroxide (H2O2), which is a crucial 

active species in degradation processes. Similarly, when O2 interacts with excited MB* 

radicals, it forms superoxide radicals (O2•−). These photolysis reactions of MB can be 

summarised by the following Equations: 412 

 

MB+ + OH¯                     MB˙ + OH˙ 

2 OH˙             H2O2 

MB˙ + O2                  MB+ + O2•− 

 

In this project, the pH of the MB solution was not adjusted and the initial pH of the MB solution 

was measured to be 6.5. This can be considered a neutral value, however a considerable 

degradation of MB (43.0% in 3 h and 60.7% in 4 h) was obtained at this pH. This could be due 

to the high intensity of the direct sunlight on the particular test day. At around neutral pH 

conditions, MB exhibits photobleaching which occurs upon the absorption of light induces 

structural modifications in the MB molecule, causing a reduction in colour intensity. This can 

include the formation of MB oligomers, as well as the change of the dielectric constant of 

water, leading to changes in the distribution of electron charges within the MB monomer and 

impacting the photolysis process.423’424 Another intriguing finding is that the synthesized TiO2 

powder exhibited a significant photocatalytic activity under visible light, with a degradation 

percentage of 81.1%. This can be attributed to the presence of Ti3+ in the synthesized TiO2, 

which contributes to a lower band gap compared to commercial TiO2 powder. This scenario is 

proven by Figure 4.11 as TiO2 powder absorbed light above 400 nm, with a maximum of 412 

nm.   

When considering the three CTTIP_110 samples, their photocatalytic rates under direct 

sunlight correlated with their respective band gap values. CTTIP_110_163 demonstrated the 

highest photocatalytic rate, with a total removal of over 99% of MB within 2.5 hours. On the 

other hand, CTTIP_110_180 exhibited the slowest rate, resulting in a total MB removal of 

98.2% within 3 hours. CTTIP_110_200, meanwhile, achieved an approximate 99% total MB 

removal within 3 hours. These results prove that CMC in the system had played a major role 
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in bringing the absorption of CTTIP_110 to the visible light region. As reported in the 

literature, biopolymers like CMC are rich in oxygen containing functional groups like hydroxyl 

ions and carboxylic groups. These groups can capture the generated holes and lower the 

electron-hole recombination, thus increase the photocatalytic activity under direct 

sunlight.425’426 Figure 4.17 provides a clear representation of how various synthesized samples 

react under direct sunlight. 

 

Figure 4.17 : MB degradation under sunlight (a) after 2 h of exposing to direct sunlight (b) 

the disappearance of the blue colour of the MB. 

4.3.3.6 MB Degradation Pathway 

The LC-MS technique was used to analyse the formation of intermediates during the 

photodegradation of MB under UV light. Figure 4.18 displays the LC-MS findings of the MB 

parent solution both before undergoing adsorption and degradation and after being exposed to 

irradiation for 240 minutes. Those results reveal a noticeable reduction in the intensity of the 

primary MB peak at m/z 284.1 over time, followed by the emergence of new peaks attributed 

to the generation of novel molecules. After 75 minutes no signal corresponding to m/z 284.1 

exists. These observations indicate that nearly all the MB molecules had been removed from 

solution. After the adsorption process, two additional noticeable peaks emerged in the spectrum 

at m/z 105.0 and 274.2, which can be attributed to fragments of the CMC matrix. 
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Figure 4.18 : LC-MS profile of the parent MB sample and after UV irradiation. 
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Figure 4.19 : Proposed mechanism of MB degradation under UV as evidenced by mass 

spectrometry. 
 

After 240 minutes of UV irradiation several intermediate peaks were observed at different m/z 

values, including major peaks detected at 121.0, 158.9, 198.1, 203.0, 230.0, 242.0, and 256.1. 

Furthermore, during the photocatalytic degradation process in the presence of CTTIP_110 

composites, additional intermediate peaks were detected at m/z 228.0, 270.9, 201.1, 201.0, 

290.2, 143.0, 226.9, and 173.0. Based on the LC-MS results, the compounds corresponding to 
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the intermediate peaks and their structural formulas have been determined and a proposed 

photocatalytic degradation pathway for the MB dye has been developed in Figure 4.19. The 

pathways occurred via both oxidation and demethylation processes. These products and 

pathways are consistent with previous reports in the literature.427’428’429 In order to validate 

these pathways, UV absorption bands were detected at 633.6 nm and 649.0 nm (648-655 nm), 

associated with Azure A and Azure B respectively, as in Figure 4.15.430’431  

 

4.3.4 Methyl Orange (MO) Test 

MO, a well-known anionic dye, was used to investigate the impact of CTTIP_110 samples on 

the elimination of anionic dyes. Throughout the adsorption duration, there was no observed 

adsorption of MO with any of the three CTTIP_110 samples. This can be attributed to the 

electrostatic incompatibility as a result of negative charges in both MO and CTTIP_110 

samples. To examine the photocatalytic degradation of Methyl Orange (MO), only the 

CTTIP_110_200 sample was used due to its superior photocatalytic activity under UV 

conditions. It is worth noting that MO itself did not exhibit any degradation when exposed to 

UV radiation. 

As depicted in Figure 4.20, the photodegradation of MO in the presence of CTTIP_110_200 

under UV irradiation exhibits a notably low efficiency. There are several possible reasons for 

this behaviour. Firstly, the limited adsorption of MO onto the photocatalyst can be attributed 

to the repulsive forces between the photocatalyst and MO molecules as the adsorption process 

plays a vital role in photocatalysis, and the reduced adsorption can hinder the degradation 

process. Secondly, the type and wavelength of the UV light used can significantly impact 

photocatalysis. According to literature reports, when the wavelength decreases, TiO2 is capable 

of generating more potent oxidative species. Typically, TiO2 can only absorb a certain portion 

of the photons emitted by the UV A lamp.432 Consequently, TiO2 under UV C exhibits better 

photocatalytic activity compared to UV A.433’434 In our case, the combination of relatively 

weaker oxidative species generation and low adsorption may contribute to the observed lower 

photocatalytic activity.  Nevertheless, MO is clearly degraded (25%) in the presence of the 

CTTIP composite over 400 minutes. 
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Figure 4.20 : Degradation of MO under UV in water monitoring at 465 nm. 

 

4.3.4.1 Removal of MO Under Direct Sunlight 

Figure 4.21 demonstrates the photodegradation of MO in the presence and absence of 

synthesized photocatalysts under direct sunlight. The control experiment performed in the 

absence of a photocatalyst showed a negligible amount of MO dye degradation. TiO2 powder 

exhibited a slower photocatalytic rate for MO compared to MB. However, all three CTTIP_110 

composites displayed superior performance in degrading MO compared to MB under direct 

sun light. The three composites achieved total degradation rates of 98-99% within 2.5 hours. 

These results suggest that the lower degradation rate observed under UV light might be 

attributed to the specific type and intensity of UV radiation used. Since solar light encompasses 

the entire range of wavelengths, including all types of UV radiation, exposure to direct sunlight 

leads to the generation of potent oxidative agents for MO. Figure 4.22 demonstrates the 

decolourisation MO through this experiment in real terms. 
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Figure 4.21 : Photocatalytic degradation MO in water under direct sunlight. 

 

 

Figure 4.22 : Complete degradation of MO under direct sunlight (a) t = 0 (b) t = 120 min (c) 

photocatalyst collected by centrifuging the final MO sample again shows little colour. 
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4.3.4.2 MO Degradation Pathway 

The degradation mechanism of MO under the direct sunlight in the presence of 

CTTIP_110_163 was again studied using LC-MS technique and the proposed mechanism is 

illustrated in Figure 4.23.  

 

Figure 4.23 : Proposed mechanism for MO degradation under direct sunlight. 

The parent MO compound provides a peak at m/z 328 and its degradation involves in three 

main pathways; labelled A-D. Pathway ‘A’ corresponds to the addition of an additional 

hydroxyl group the MO parent molecule and formation of a monohydroxylated molecule which 

gives the rise to the peak at m/z 306.435 This is followed by path ‘D’, a loss of methyl group 

due to the heterolytic cleavage of N-C bond which is called demethylation.436 Pathways B and 

C relate to cleavage across the azo linkage, leading to benzenesulfonic acid and N,N-

dimethylaniline fragments which produce the peaks at m/z = 137 and m/z = 185 respectively.437 

Path ‘C’ involves in the cleavage of N=N bond by the attack of active species.438 The LC-MS 

data from the final sample reveals the disappearance of the above intermediate peaks. A very 
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small number of by-products is present in the final system and majority is from the 

photocatalyst used. As reported in many publications,439’440 the degradation pathway through 

direct demethylation of the parent MO molecule was not observed in this analysis.  

4.3.5 Removal of Phenol 

The photocatalytic removal of phenol in the presence of CTTIP_110_200 under UV was 

investigated and the change of absorbance over the time is illustrated in Figure 4.24. The 

findings showed an initial increase in the intensity of the peak within the first 180 minutes after 

the UV light was switched on. A similar observation was made by Farid and his research group, 

attributing it to the UV-induced oxidation and polymerization of phenols.87 Through ESI-MS 

analysis, they identified the formation of higher molecular weight compounds, which exhibited 

the same absorption peak as the original phenolic compounds.441 To understand the 

significance of the photocatalyst, a control analysis was conducted using only phenol under 

UV light, without the presence of a photocatalyst. The increase in absorption peak intensity in 

this control analysis was negligible compared to the system where both phenol and the 

photocatalyst were present under UV light. This difference can be attributed to the type of UV 

wavelength used. According to the literature, the self-oxidation of phenol under UV A is 

insignificant compared to that under UV B and UV C. This is because the maximum absorption 

of UV A overlaps with the low point in the phenol absorption curve, preventing phenol from 

absorbing photons emitted by the UV A lamp.442 This confirms that the presence of TiO2 

enhances the oxidation of phenol under UV A. 

 
 

Figure 4.24 : UV-Vis absorbance profile illustrating the removal of phenol over minutes. 
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This oxidation and polymerisation processes entail the formation of intermediates such as 

hydroquinones and benzoquinones  and chain reactions of them. This can happen through  

pathways such as those shown in Figure 4.25.443 

 

 
Figure 4.25 Proposed mechanisms for polymerisation of phenol 

 
The formation of intermediates is evidenced by Figure 4.24. The initial spectrum shows a 

prominent absorption peak of phenol (Ph) at 270 nm. However, after 15 minutes of UV 

irradiation, a new peak emerges at 276 nm, which can be attributed to the presence of 

hydroquinone (HQ).444 When TiO2 is irradiated, excited electrons are produced, which can 

trigger the formation of free phenoxy radicals. Additionally, according to existing literature, 

the reactions involving phenoxy radicals may also lead to the formation of catechol and 

resorcinol compounds. The formed hydroquinone and catechol compounds can be oxidised in 

to p-benzoquinone and o-benzoquinone in the presence of O2 as shown in Figure 4.26.445 

 
Figure 4.26 : Oxidation of phenols leading to hydroquinones. 
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After 180 minutes duration, the degradation of phenol slowers rate. Existing literature suggests 

that the presence of TiO2 facilitates the generation of superoxide radicals, which enhances the 

degradation process.446 The disappearance of both Ph and HQ peaks are clearly seen at later 

times (>180 min) in Figure 4.24. This process may involve a ring opening mechanism.447 To 

gain further understanding into the intermediates formed and the specific degradation pathway 

of phenol, a mass spectroscopy analysis is necessary. 

 

4.3.5.1 Plausible Mechanism of CTTIP Synthesis 

After taking all the above results into consideration, the following mechanism of CTTIP 

synthesis was developed. The formation of TiO2 takes place via hydrolysis and condensation 

of a titanium precursor as in Figure 4.27. Various Ti precursors including titanium isopropoxide 

(TTIP), titanium butoxide, (TBO), tetrabutyl titanate (TBOT), titanium ethoxide (TEO), 

titanium halides (TiCl4, TiF4), and titanium sulfate (Ti(SO4)2) have been used to achieve the 

different TiO2 phases under different reaction conditions.448 These precursors are Lewis acids 

and are highly reactive and moreover, they possess a very good coordination chemistry.359 

 

 

Figure 4.27: Mechanism of in-situ synthesis of TiO2. 

 
In hydrolysis, the very first step of the mechanism, alkoxide groups are replaced by hydroxyl 

groups through a nucleophilic attack of the oxygen atom of the water molecule. This produces 

titanium hydroxide and an alcohol. Due to the high reactive nature of alkoxide molecules, they 
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can readily react with water as soon as water is added and this can cause sudden agglomeration 

of TiO2. To prevent this happening, few steps were taken such as, adding ethanol to the system 

and adding TTIP as a solution (in isopropanol) as these steps can control the hydrolysis rate.449 

Moreover, some researchers have used a surfactant or other compounds like acetic acid to 

control the hydrolysis rate, but in our method, CMC appears is capable of doing the same. Ti 

is known for 6 coordinate bonds, thus, it is reported to form octahedral Ti(OH)6 which is 

considered as the primary monomer. During condensation these primary monomers can 

produce TiO6 octahedra, known as the secondary monomer units.347  

In a system containing an alien molecule such as CMC, this mechanism can deviate from the 

original routine. It has been suggested that TTIP can form bidentate ligands with carboxylic 

groups and form a 6-coordinate chelating complex.450 This is highly possible when the number 

of carboxylic groups in the system is higher than that of TTIP molecules. These formed 

complexes can act as new precursors for crystalline TiO2 and it can facilitate the formation of 

anatase through helping the octahedral to grow at necessary edges.179 However, these 

complexes can be highly stable and it can lower the phase transition (amorphous to crystalline), 

but the proper phase transition can be achieved with suitable reaction conditions including 

temperature, reaction time and using proper solvents and correct ratios. For example, 

introducing a low molecular weight alcohol like ethanol can control the formation of octahedra 

with carboxylic groups. Even if this preventing mechanism is not yet deeply studied, it has 

been assumed that ethanol can cover Ti particles and compete with carboxylic groups. In our 

system, we believe both types of monomer/precursor units can be formed with both carboxylic 

groups and ethanol.451 After all, these types of formed precursors are the building blocks for 

both amorphous and crystalline TiO2.  

Formation of anatase takes place through the rearrangements of these octahedra (TiO6 in a 

conventional synthesis) and in a hydrothermal process, this step happens in an autoclave under 

the pressure of water vapour as a catalyst.452 This rearrangement step is known as dissolution-

crystallisation process, as in here randomly distributed TiO6 /newly formed precursors can be 

rearranged with the assistance of water. If these precursor units combine with each other 

sharing the same edge, it can lead to formation of anatase, but if the precursor units share same 

corner, it will end up with rutile phases. Formation of anatase or rutile depends not only on 

temperature, but also other factors such as types of solvents, solvent ratio and amount of 

hydroxyl groups in the reaction system.449  
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In hydrothermal synthesis, a solid-gas reaction takes place since the solvents can be vaporised 

with high temperature and that vapour can catalyse the crystalline TiO2 formation. According 

to the literature, a layer of soli-liquid-gas forms inside the autoclave where TiO6/new 

precursors dissolve in water to form TiO62- and these units recrystallise via dissolution-

precipitation process.449  

Solvents can act as a medium for mass and energy transferring, a modifier micro-topography 

of precursors and a regulator to control reactants concentrations.453 The common solvents used 

are water, ethanol, methanol, propanol and acetic acid. Xu et al. had synthesised TiO2 using a 

range of solvents including acetone, methanol, toluene, chloroform and some more to 

investigate the solvent effect on the synthesis process and they were able to identify that the 

dielectric constant of a solvent plays a major role in this scenario.454 In hydrothermal synthesis, 

water is the main solvent used. The properties of water can be changed with high temperature 

and this can help the nucleation and growth process of TiO2 crystals.455 At a high temperature, 

the dielectric constant of a solvent decreases, this leads to the loss of solvent properties and in 

a hydrothermal reaction it is more about formation of more ions. According to the Arrhenius 

equations, at a high temperature, the reaction rate increases, thus the formation of ions and 

ionic products increases at high temperature and pressure. Moreover, the viscosity of water 

decreases with the density and this increases the mobility of all types of molecules (ions and 

precursors) in water.456 The vapour phase of all solvents in the autoclave can create a high 

pressure on the solid-liquid phase inside the autoclave with high temperature. High pressure 

can increase the rate of mass end energy transfer in the system which will eventually lead to 

higher formation of nuclei and then to their growth. Additionally, having a large hydroxyl ion 

concentration in the medium can enhance the anatase formation.457  

It has been identified that the water: precursor ratio is one of the principal factors to consider 

in the synthesis of TiO2. According to the previous reports if this is ‘ratio ≥ 30’ the system can 

be led to a complete hydrolysis for a better crystalline phase. Yet, excess water can enhance 

the development of polymetric Ti-O-Ti chains and to have large crystallite size.458 Lastly, the 

stirring rate is another important fact because it has been advised to stir vigorously to maintain 

a homogeneous mixture and to prevent agglomeration of TiO2 particles. But, Kim, Tae-Hoon 

and the team has revealed that about 400 rpm can create large crystallites. This is because, 

when there are particles below the critical nucleus, they can collide with each other and form 

new nuclei in the direction of large particles.459  
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In this research, in-situ synthesis of TiO2 on CMC has proven to act as an excellent 

photocatalyst even under sunlight. In accordance with the above plausible mechanism, the use 

of all three water, ethanol and 2-propanol has become a good decision as it has been a driving 

force to have a good crystalline phase of TiO2. The described mechanisms for dye removal 

illustrate that CTTIP undergoes photodegradation, resulting in the formation of certain stable 

by-products.   Whatever the mechanism, this approach is repeatable and shows excellent 

activity.  
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CHAPTER 5  

Applying our Knowledge to Batik Dyes 

5.1 Introduction 

This chapter focuses on cultural preservation through a scientific approach. It is a well-known 

fact that the environment is mostly threatened by the previous approaches of the textile 

industry, including the batik industry.460 The aim of this chapter is to investigate the 

effectiveness of novel CTTIP composite for removal of dyes used in Batik industry. Batik is a 

traditional textile design which originated in Indonesia and is now a technique that has spread 

throughout South and Southeast Asian countries including Malaysia, India, Sri Lanka and 

Thailand. In 2009, UNESCO recognised Indonesian batik as an Intangible World Heritage and 

Batik products are attractive to the international market due to its unique patterns, designs and 

eye-catching colours.461 The majority of the batik industry comprises small-to-medium 

enterprises operated as home-based/ cottage-based businesses. There are several types of batik 

techniques including hand-written, stamped, printed and a combination of hand-written and 

stamped. Out of them, hand-written batik technique is common and expensive as it requires a 

lot of time and patience to gain the beautiful results.462 In this process (Figure 5.1), the hot 

melted wax is applied on to a cotton or silk fabric using a metal object called canting to make 

fine art on the fabric. Then the fabric is dyed in a dye bath which is prepared using other 

chemicals depending on the type of the dyes used. In this process, the areas covered with wax 

do not absorb the dyes, therefore, batik is known as a process of wax-resist dying. The dyed 

fabric is subsequently dried and then boiled to remove wax. Following that, the coloured fabric 

is washed well with washing powder and then let dry completely in the direct sunlight.463 Each 

step of this batik process, except the wax application step, generates a huge amount of toxic 

effluents which consists of dyes and other chemicals including caustic soda, soda ash, wax, 

alum sulphate, calcium oxides, ferric sulphate and hydrogen peroxide depending on the types 

of the dying process utilised. Moreover, washing and boiling steps use a large quantity of 

water.464’465  

The majority of dyes utilized in the batik industry are synthetic dyes. These synthetic dyes can 

be classified into two primary groups, namely azo and non-azo dyes, as explained in Chapter 

2. In the batik industry, the selection of dyes is primarily based on the desired colour and 
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intensity in the final product. Consequently, naphthol, reactive, and vat dyes are the most 

commonly used types of dyes for this particular process.466 These dyes are highly toxic, 

carcinogenic and contain heavy metals such as Cd, Cu, Pb, Cr and Ni.467  

 

 

Figure 5.1: Steps of batik process and the final art produced. (a) drawing the design on the 

fabric using hot melted wax; (b) dyeing the fabric; (c) boiling the fabric to remove wax; (d) 

final garments are bright and colourful 

Gaining from my personal experience as an entrepreneur in the field of batik, it is evident that 

many individuals involved in the batik industry are with less awareness regarding the toxicity 

of the dyes and chemicals used in their processes. Consequently, these individuals are exposed 

to harmful chemicals through various routes such as inhalation, ingestion, and dermal contact. 

The lack of basic knowledge contributes to the release of batik effluents into water streams, 

resulting in severe environmental threats (Figure 5.2) 
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Figure 5.2 Dye waste flowing into natural water streams.

The chemicals present in batik effluents (Table 5.1) can significantly elevate the levels of 

chemical oxygen demand (COD) and biochemical oxygen demand (BOD) in water, leading to 

water pollution. Additionally, the batik sludge, which is a by-product of the batik process, 

serves as a favourable substrate for the growth of microorganisms. This further aggravate the 

environmental impact of batik waste.468 

Table 5.1 Examples for some common dyes used in commercial batik 

Dye name Chemical structure Chromophore Reference 
Acid Yellow 17 Azo 469 

Reactive Blue 19 Anthraquinone 470 

Sulphur Brilliant 
Green G 

Naphethalene 471 

Reactive Orange 
122 

Azo 472 

Reactive Black Azo 473

Tyrian Purple Polymethine 274
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Furthermore, based on my personal experiences within my family company, it is evident that 

the workers in the batik industry lack adequate support from relevant stakeholders in terms of 

raising awareness about proper waste management practices and providing necessary resources 

and financial assistance for waste management. For instance, in Sri Lanka, a significant number 

of batik workers do not have a proper system in place to dispose of batik effluents. There are 

certain chemicals available for adding to the wastewater, but there is a lack of knowledge 

regarding their composition. Moreover, these waste treatment materials are highly expensive. 

In terms of batik sludge, it is often collected by cement plants for disposal. As researchers, it 

becomes our responsibility to seek effective, environmentally-friendly, and cost-effective 

methods for managing waste in the batik industry. By doing so, we can contribute to the 

development and advancement of this world heritage fabric-making technique to a higher level. 

Hence, the primary objective of this chapter is to evaluate the efficacy of CTTIP compounds 

in the elimination of batik dyes. This novel CTTIP compound is emphasized for its 

environmental friendliness and cost-effectiveness. 

5.2 Experimental 

5.2.1 Materials and Reagents 

Three different reactive dyes were obtained by our family batik business in Sri Lanka. The dyes 

were procured from the Indian dye importer Dye Chem, selected specifically for their high-

water solubility. Although they were provided with commercial names, the specific chemical 

structures of these well-established dyes were confirmed by existing scientific literature. The 

reactive dyes obtained were named and their structures are shown in Figure 5.3. 

5.2.2 Removal of Dyes 

Initially, 50 mL solutions of 20 ppm of the above dyes were used in the presence of 0.87 g/L 

of CTTIP_110_200 for adsorption experiment in the dark under constant stirring. The 

concentration of the dye solution was deliberately selected to enable the observation of both 

adsorption and photocatalytic activity of the CTTIP_110_200 sample within the visible range. 

The quantity of photocatalyst was determined as the optimized amount for this purpose.  Based 

on the adsorption results, all three of the dye samples are anionic. Therefore, only Scarlet LC 

GN dye was chosen for the photocatalytic activity with CTTIP_110_200 under UV A light. 

Samples were taken every 30 minutes. The suspension was centrifuged out using an Eppendorf 

Minispin Centrifuge at 13,000 rpm for 10 min. The concentrations were monitored by a 
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Shimadzu UV-visible spectrometer. Two parallel experiments were conducted; one in dark and 

the other one under UV A. 

 

Figure 5.3 Chemical structures of the reactive dyes used within the batik samples. 

 

5.3 Results and Discussions 

Throughout the adsorption experiments, it was observed that none of the dyes exhibited 

significant adsorption, suggesting that all the mentioned reactive dyes are anionic in nature. 

These findings are consistent with the dye structures reported in the literature, which we were 

able to identify by correlating the chemical structures with the colour index assigned to their 

commercial names. 

Only Scarlet GN dye was chosen to represent to ensemble of azo dyes in Figure 5.3. The UV 

absorbance of the dye over the degradation period is illustrated in Figure 5.4. The spectra are 

complicated and characterised by a maximum absorption of Scarlet GN dye at 506 nm, which 

can be attributed to the chromophoric azo group. The absorption peaks observed at 290 nm, 

315 nm, and 385 nm arise from electron transitions occurring in aromatic groups, including 

benzene rings attached to the azo group, as well as the inductive effect of the azo group.474 

Upon switching on the UV light until 105 minutes, the intensity of the 290 nm peak increased, 

possibly due to the optimisation of cis/trans isomerism within the azo group. 
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Figure 5.44 Absorption profile of the Scarlet GN dye in water (20 ppm) over 255 min under 
UVA irradiation. 

The degradation of the dye started after 180 minutes of UV light exposure. The observed 

changes are evident in the gradual reduction of the 506 nm peak over time and the occurrence 

of a blueshift, signifying the degradation and decomposition of the azo group.475 The observed 

changes are evident in the gradual reduction of the 506 nm peak over time and the occurrence 

of a blueshift, signifying the degradation and decomposition of the azo group. A new broad 

peak emerged at 345 nm, which is likely attributed to the blue shift of the 385 nm peak caused 

by the breakdown of the azo group.476 As time progressed, the appearance of these new peaks 

disappeared, revealing the degradation of the dye. As a result, it is essential to perform LC-MS 

analysis to determine the exact degradation pathway, which will be carried out in subsequent 

studies. The overall degradation percentage of the dye was determined to be 86%, which clearly 

depicts in Figure 5.5, further confirming that CTTIP_110 materials exhibit effectiveness on 

both cationic and anionic dyes. 

 

Figure 5.5 : Colour change of Scarlet GN dye over the time. 
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5.4 Conclusion 

In this thesis, the aim was to synthesize a photocatalyst that is not only environmentally friendly 

and effective but also cost-effective and versatile in its functionality. CMC and TiO2 were 

chosen as the main components to achieve this objective. CMC, being a polysaccharide 

biopolymer with several promising properties such as rich functional groups, cost-

effectiveness, environmental friendliness, and abundant availability, was selected to benefit the 

environment. On the other hand, TiO2, a well-known and extensively researched photocatalyst, 

was chosen for its unique characteristics, such as being a good semiconductor, environmentally 

friendly, low toxicity, and cost-effectiveness. 

To create the CMC-TiO2 bionanocomposite, two methods were employed. In the first method, 

TiO2 powder (specifically P25, a mixture of anatase, rutile, and a small amount of amorphous 

TiO2) was incorporated into CMC powder using a simple approach. The resulting CMC/TiO2 

composite was freeze-dried to form a foam, which provided the final product with desirable 

properties, including high porosity. The presence of CMC acted as a surfactant, promoting both 

steric and electro stabilization, leading to a homogeneous distribution of TiO2. As a result, the 

composite exhibited good stability when suspended in water. 

The CMC/TiO2 foam demonstrated a highly negative charge from zeta potential analysis, 

which facilitated its strong adsorption properties towards MB, a cationic dye. The adsorption 

of MB dye molecules on the foam followed the Freundlich isotherm, indicative of multi-layer 

adsorption. Significantly, the CMC/TiO2 foam was able to remove 53% of MB via adsorption 

in 75 minutes and over 90% of MB dye via photocatalysis within 4 hours of exposure to UV 

light. Total removal of MB was recorded as 96% within 6 hours. However, it was observed 

that the photocatalytic activity of the TiO2 powder alone (>99%) under UV light was faster 

compared to that of the prepared foam. This difference may be attributed to the formation of 

micelles of TiO2 covered by CMC chains, which could hinder the radicals generated from 

reaching MB. Additionally, intriguingly, there were certain time periods during UV exposure 

where desorption of MB became more pronounced than adsorption, possibly due to the 

formation of MB oligomers in the system. 

Additionally, it was observed that increasing the amount of TiO2 in the composite resulted in 

more leaching of TiO2 into the water. As the next step to immobilise TiO2 within the CMC 

network, the composite was prepared via in-situ synthesis of TiO2 on CMC using hydrothermal 

synthesis at 110°C (CTTIP_110) and three different pressures inside the autoclave. XRD 
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analysis revealed that all three CTTIP_110 composites and the synthesised TiO2 powder 

contained only the anatase phase. Furthermore, the XRD results indicated a well-mixed 

interaction between CMC and TiO2 during the synthesis. Notably, XPS results demonstrated 

the presence of Ti3+ in all the synthesized samples, including the TiO2 powder. Additionally, 

Ti-C bonds were observed in the prepared CTTIP_110 composites, confirming the successful 

interactions between CMC and TiO2. The band gaps were calculated using DRS (diffuse 

reflectance spectroscopy) technique, showing relatively low band gaps and maximum 

absorptions in the visible range for all CTTIP_110 composites and TiO2 powder. The 

composite prepared at the lowest pressure inside the autoclave exhibited the highest crystallite 

size and the lowest band gap (2.7 eV) among all the composites. 

The CTTIP_110 composites displayed excellent adsorption capacity towards cationic MB dye, 

even at higher dye concentrations. At 10 ppm dye concentration, nearly 99% of the dye 

molecules were adsorbed within 75 minutes. However, anionic dyes (MO and SR) did not show 

significant adsorption. Moreover, all the synthesized composites, including TiO2 powder, 

exhibited excellent photocatalytic activity under both UV A and direct sunlight towards both 

MB and MO dyes. Both types of dyes were degraded under direct sunlight within 2-3 hours. 

The CTTIP_110 composite prepared at the lowest pressure inside the autoclave 

(CTTIP_110_163) showed the highest photocatalytic activity under direct sunlight, (>99%) 

which could be attributed to its low band gap (2.74 eV) and high crystallite size. However, it 

displayed the lowest photocatalytic activity under UV A, likely due to a wide range of particle 

sizes in the water system, as indicated by zeta potential analysis showing high polydispersity. 

Interestingly, the synthesized TiO2 exhibited good photocatalytic activity under direct sunlight, 

a characteristic not commonly seen in commercial TiO2, possibly due to the formation of Ti3+ 

ions during the synthesis process, resulting in a low band gap. 

Furthermore, the CTTIP_110 composite demonstrated its versatility in wastewater treatment 

by effectively degrading phenol under UV A. It was observed that phenol underwent oxidation 

reaction, which was enhanced by TiO2, making it useful for deposition purposes. Additionally, 

the composite effectively degraded scarlet red, a textile dye used in the batik process, within 

approximately 4 hours of exposure to UV A. Another notable aspect was that the CTTIP_110 

composites were activated under UV A even by a UV source with very low power (1W), 

compared to what has been reported in the literature.   
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Identifying the limitations of the prepared composites are important to place the research in 

context. The stability of CKT/TiO2 foam diminished as the amount of TiO2 increased, resulting 

in the leaching of TiO2 into the system-This will have to be rectified in future development.  

Disappointingly, the foam did not exhibit notable antibacterial properties under the conditions 

used. Given the hygroscopic nature of the foam, proper storage precautions are necessary. As 

for batik dyes, our research was unable to adequately explore stakeholder engagement in 

wastewater management within the given time constraints. 

Based on the above results, it can be concluded that the CMC/ TiO2 composite is a powerful 

candidate for wastewater treatment. 

5.5 Future Work 

Our study has revealed the excellent properties of the prepared CTTIP_110 composites for 

wastewater treatment applications. As we move forward, our focus will be on understanding 

the structure-property relationship within these composites to further enhance their capabilities 

for a wide range of wastewater treatment scenarios. 

The utilization of CMC as a bio-polymer with a substantial structure allowed us to form a 

complex structure with TiO2. Significantly, ours is the pioneering project that employs CMC 

to immobilize TiO2, and we have successfully synthesized a composite with significantly 

improved adsorption and degradation properties. Hence, it becomes important to gain a 

profound understanding of the internal structural transformations that occurred during the 

synthesis process, leading to these remarkable properties. To achieve this, we have planned to 

obtain Synchrotron beamtimes, as the complexity of the analysis requires finer details on the 

structure. 

Concurrently, our intentions are to delve deeper into working with batik wastes. Having 

established that the samples are well-suited to degrade anionic dyes, including batik reactive 

dyes, the next step is to batik wastes directly from batik dye baths, sourced from a Sri Lankan 

batik workshop. These wastes are known to contain more chemicals, including toxic ones 

mentioned in Chapter 5, presenting an ideal opportunity for further investigation. 

As a promising candidate for wastewater treatment, it is essential to assess the antibacterial 

properties of the synthesized CTTIP_110 composites and TiO2 powder. Therefore, we have 

arranged for antibacterial tests to evaluate their efficacy in tackling bacterial contaminants. 
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Additionally, our aim is to explore the versatility of CMC/ TiO2 composites in removing heavy 

metals and ionic solvents from wastewater, expanding the scope of their applications. 

Furthermore, we plan to implement certain modifications in our approach, such as increasing 

the reaction time, altering solvent ratios, and adjusting the amount of TTIP used, with the 

objective of enhancing the properties of CTTIP composites even further. 

In conclusion, the exceptional performance of the CTTIP_110 composites in wastewater 

treatment has opened up a new path of research, driving us to investigate their underlying 

structural attributes and explore their potential in various applications. By continually refining 

and enhancing their properties, we aim to contribute significantly to the advancement of 

environment. 
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