
 

  

The development of TiO2 based catalyst for poisoning organic molecules removal 
 

Suchadee Sribenja 
 

A Thesis Submitted in Partial Fulfillment of Requirements for 

degree of Doctor of Philosophy in Chemistry 

July 2023 

Copyright of Mahasarakham University 
 

 

 



 

การพฒันาตวัเร่งปฏิกิริยาท่ีมีไทเทเนียมไดออกไซดเ์ป็นองคป์ระกอบหลกัเพื่อใชใ้นการก าจดั
โมเลกุลของสารอินทรียท่ี์เป็นพิษ 

 

 วิทยานิพนธ์   
ของ 

สุชาดี  ศรีเบญ็จา  

เสนอต่อมหาวทิยาลยัมหาสารคาม เพื่อเป็นส่วนหน่ึงของการศึกษาตามหลกัสูตร 

ปริญญาปรัชญาดุษฎีบณัฑิต สาขาวิชาเคมี 

กรกฎาคม 2566 

ลิขสิทธ์ิเป็นของมหาวิทยาลยัมหาสารคาม  
 

 



 

The development of TiO2 based catalyst for poisoning organic molecules removal 
 

Suchadee Sribenja 
 

A Thesis Submitted in Partial Fulfillment of Requirements 

for Doctor of Philosophy (Chemistry) 

July 2023 

Copyright of Mahasarakham University 
 

 

 



 

 
  

The examining committee has unanimously approved this Thesis, 

submitted by Miss Suchadee Sribenja , as a partial fulfillment of the requirements for 

the Doctor of Philosophy Chemistry at Mahasarakham University 

  

Examining Committee 

  

   

(Asst. Prof. Viyada Harnchana , 

Ph.D.) 
 

Chairman 

   

(Assoc. Prof. Ratchaneekorn 

Wanchanthuek , Ph.D.) 
 

Advisor 

   

(Assoc. Prof. Uthai Sakee , Ph.D.) 
 

Committee 

   

(Asst. Prof. Widchaya 

Radchatawedchakoon   , Ph.D.) 
 

Committee 

   

(Asst. Prof. Senee Kruanetr , Ph.D.) 
 

Committee 

  

Mahasarakham University has granted approval to accept this Thesis as a 

partial fulfillment of the requirements for the Doctor of Philosophy Chemistry 

  

  

(Prof. Pairot  Pramual  , Ph.D.) 

Dean of  The Faculty of Science 
 

  

(Assoc. Prof. Krit Chaimoon , Ph.D.) 

Dean of Graduate School 
 

 

 

 



 D 

ABSTRACT 

TITLE The development of TiO2 based catalyst for poisoning organic 

molecules removal 

AUTHOR Suchadee Sribenja 

ADVISORS Associate Professor Ratchaneekorn Wanchanthuek , Ph.D. 

DEGREE Doctor of Philosophy MAJOR Chemistry 

UNIVERSITY Mahasarakham 

University 

YEAR 2023 

  

ABSTRACT 

  

This research aims to study a synthesis of the Titanium dioxide (TiO2) as a 

photocatalyst which is loading onto a pineapple leaf fiber (TiO2/PF) by using hydrolysis 

method and heating with autoclave, and using succinic acid as a crosslink molecules. 

The researchers conduct the experiment to compare to use and non-use sodium 

hydrogen phosphite (NaH2PO2) as a catalyst support. Afterwards, we verifies the 

attribute and property of the catalyst which has been through the x-ray diffraction 

(XRD), the Fourier transform infrared spectroscopy (FTIR), scanning electrons 

microscopy (SEM) the thermal gravimetric analysis (TGA) and determination of TiO2 

deposited on PF. Determination pf Ti on catalyst using Inductively coupled plasma 

atomic emission spectroscopy (ICP-OES). The activity of the catalyst could experiment 

by testing the degradation of a methylene blue using UV-vis spectrophotometer under 

UV irradiation at 664 nm. The study demonstrate that the catalyst TiO2/PF which uses 

Succinic acid as a crosslink molecule and using NaH2PO2 as a catalyst support could 

provide the degradation of a methylene blue to be the most efficient way rather than 

non-using the catalyst. 

 

Keyword : Photodegradation, Titaniumdioxide, Methyleneblue degradation, Succinic 

acid 
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CHAPTER 1 
 

INTRODUCTION 

 

1.1 Background 

 Pesticides (herbicides, fungicides or insecticides) are environmental pollutants 

often found in soil, water, atmosphere, and agricultural products, and may exist in 

harmful levels, posing an environmental threat. Even low levels of contaminants can 

cause adverse effects on humans, plants, animals and ecosystems [1]. In recent years, 

more attentions is paid to the application of semiconductors like ZnO, Fe2O3, and CdS 

as photocatalysts to degrade organic contaminations. As a popular photocatalyst, TiO2 

has been widely used because of its various merits, such as optical and electronic 

properties, low cost, high photocatalytic activity, chemical stability and non-toxicity 

[2,3]. This process is performed by activation of photocatalyst using ultraviolet or 

visible light to produce primarily hydroxyl and superoxide radicals which are the active 

sites on TiO2 surfaces for oxidizing organic compounds and antibacterial to water 

vapour and carbon dioxide [4]. Some particle characters affecting photocatalytic 

activity are particle size, crystal structure, hydroxylated level, absolute crystallinity, 

intensity of light irradiation, surface absorption of contaminants, pH of the solution, 

and the preparation method. Typically, porous structure has been considered as an 

effective way to enhance the light adsorption capacity due to the increased surface area 

and multiple interparticle scattering, leading to the enhancement of photocatalytic 

reactions [5–7]. Up to date, some strategies have been adopted to prepare porous TiO2, 

such as solgel process [8], hydrothermal process [9], ultrasonic process [10], template 

assisted method [11], and et al. When TiO2 particles’ size is reduced to nano scale, 

photocatalytic activity increases firstly as a result of expansion of light band-gap for 

quantum size and secondly due to enhancement of effective surface area [12–16]. 

However, TiO2 powders used for industry are difficult for separation and removal from 

air or water. Therefore, many studies have shown that TiO2 film coated on many kinds 

of substrates such as [17], stainless steel [18] and polymer [19] in order to separate them 

 



 2 

more easily. And many studies have shown that TiO2 coated on glass and tiles for 

purification, antibacterial [20,21] and self-cleaning [22] under UV-light in living area. 

 Cellulose is the most abundant and widespread biopolymer on earth. Owing to 

its abundance, biodegradability, and specific properties, cellulose is a very important 

renewable resource for the development of environment friendly, biocompatible, and 

functional materials, quite apart from its traditional and massive use in papermaking 

and cotton textiles. Cellulose fibres present a polar surface associated to the 

hydroxylated nature of the constituting anhydroglucose units. Such feature is 

responsible for the high hydrophilicity of cellulose, enabling the establishment of strong 

hydrogen bonding between fibres and the formation of three dimensional fibre-based 

structures. On the other hand, the presence of these hydrophilic groups can promote the 

nucleation and growth of inorganic phases, such as TiO2, at the cellulose fibre surfaces 

and thus allowing production of nanocomposites [23]. One way to graft nano TiO2 on 

cotton fabrics is achieved using cross-link method.  

 In this study, effect of TiO2 preparation was studied. Then, the optimum 

method was used to deposit TiO2 to pineapple fibers. The activity of the obtained 

catalyst in MB removal was studied. Finally, the effect of crosslink molecule in TiO2 

over pineapple molecules was studied. The succinic acid was used as crosslink 

molecule.  

 

1.2 Research objectives 

1.2.1 To study the optimum method for synthesizing the TiO2 photocatalyst. 

1.2.2 To study the preparation method of the TiO2 deposition over the natural fibers. 

1.2.3 To study the effect of crosslink addition to TiO2 deposited over natural fibers. 

1.2.4 To study the possibility of using the catalyst in phocatalysis reaction. 

 

 

 

1.3 Expected results obtained from the research 

1.3.1 The optimum method in synthesizing the TiO2 photocatalyst was obtained. 

1.3.2 The effect of TiO2 deposition over the natural fibers was illustrated. 
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1.3.3 The effect of cross-linked part in TiO2 over natural fibers was studied. 

1.3.4 The catalyst possible for using in phocatalysis reaction. 

 

1.4 Scopes of research 

1.4.1 The preparation of TiO2 was carried out by different 4 methods. 

1.4.2 The ratio of TiO2: fibers was investigated; 1:10, 1:5, 1:2, 1:1 and 2:1 by using 

the optimum preparation method from previous study. 

1.4.3 The addition of crosslinked molecule between TiO2 and fiber by using succinic 

acid was extablished.  

1.4.4 The synthesized photocatalyst was tested the photo activity in MB degradation. 

1.4.5 The catalyst samples were characterized by FTIR, SEM and EDS, BET, XRD, 

XPS and Uv-vis driffuse refractance. 

 

1.5 Research Place 

 Department of Chemistry, Faculty of Science, Mahasarakham University. 
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CHAPTER 2 
 

LITERATURE REVIEW 

 

2.1 The environmental problem 

 Environmental protection and the correction of environmental problems are 

major questions for an effective improvement of life quality and for a sustainable 

development. Water is present in multiple human activities being used for very diverse 

purposes like in domestic use, agriculture, industry and energy production. Until a 

recent past, water demand increased with the slow population growth. The industrial 

revolution brought an improvement on people’s quality of life and consequently a large 

increase in life expectancy. The exponential growth of human population and the 

intensification of agricultural and industrial activities leaded to a continuous increase 

in the demand for earth's limited supply of freshwater. Protection of natural water 

resources and development of new technologies for water and wastewater treatment 

became key environmental issues of the 21st century. Globally, domestic use only 

represents 15% of the total water consumption, while 25% is used in industrial activities 

and 60% in agriculture (Fig. 1). Associated to each of these activities are distinct types 

of pollution and pollutant compounds. In the Iberian region, main wastewater producing 

industrial processes include petrochemical, chemical synthesis, textile, pharmaceutical, 

agrochemical, paper and food. 

 Recently, the European Union Commission Services proposed a new Directive, 

amending Directive 2000/60/EC, where new Environmental Quality Standards (EQS) 

for hazardous priority substances have been defined within Europe. In particular 

pesticides and phenols are referred, with admissible thresholds lower than 0.5 

microgram per liter in water. Thus, adequate treatment of contaminated waters is of 

primary concern in order to preserve the natural ecosystem. The biological processes 

are more natural and easy to implement but they have a major drawback, which is the 

production of sludge proportionally to the volume of treated water. When the volume 

to treat is huge, recycling is essential. Nevertheless, used water always requires some 

treatment prior to reuse, with or without addition of freshwater. The extent of the 
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treatment depends either on the degree of contamination, or on the requirements of the 

next use. Chemical treatments provide adequate response to a number of specific cases, 

because with them the pollutant is not being transferred, rather converted, or in the ideal 

casemineralized. 

 

Figure 1 Water withdrawal by sector in the regions of the world (2000) [24]. 
 

2.2 Persistent organic pollutants 

 Persistent organic pollutants (POPs) are chemicals of global concern due to their 

potential for long-range transport, persistence in the environment, ability to bio-

magnify and bio-accumulate in ecosystems, as well as their significant negative effects 

on human health and the environment. Humans are exposed to these chemicals in a 

variety of ways: mainly through the food we eat, but also through the air we breathe, in 

the outdoors, indoors and at the workplace. Many products used in our daily lives may 

contain POPs, which have been added to improve product characteristics, such as as 

flame retardants or surfactants. As a result, POPs can be found virtually everywhere on 

our planet in measurable concentrations. 
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The most commonly encountered POPs are organochlorine pesticides, such as DDT, 

industrial chemicals, most notably polychlorinated biphenyls (PCB), as well as 

unintentional by-products of many industrial processes, especially polychlorinated 

dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF), commonly known as 'dioxins'. 

POPs bio-magnify throughout the food chain and bio-accumulate in organisms. The 

highest concentrations of POPs are thus found in organisms at the top of the food chain. 

Consequently, background levels of POPs can be found in the human body. Human 

exposure - for some compounds and scenarios, even to low levels of POPs - can lead, 

among others, to increased cancer risk, reproductive disorders, alteration of the immune 

system, neurobehavioural impairment, endocrine disruption, genotoxicity and 

increased birth defects. The effect of POPs on human and environmental health was 

discussed, with intention to eliminate or severely restrict their production, by the 

international community at the Stockholm Convention on Persistent Organic 

Pollutants in 2001 [24]. 

 

Stockholm Convention on Persistent Organic Pollutants 

The Stockholm Convention was adopted and put into practice by the United 

Nations Environment Programme (UNEP) on May 22, 2001. The UNEP decided that 

POP regulation needed to be addressed globally for the future. The purpose statement 

of the agreement is "to protect human health and the environment from persistent 

organic pollutants." As of 2014, there are 179 countries in compliance with the 

Stockholm convention. The convention and its participants have recognized the 

potential human and environmental toxicity of POPs. They recognize that POPs have 

the potential for long range transport and bioaccumulation and biomagnification. The 

convention seeks to study and then judge whether or not a number of chemicals that 

have been developed with advances in technology and science can be categorized as 

POPs or not. The initial meeting in 2001 made a preliminary list, termed the "dirty 

dozen," of chemicals that are classified as POPs. As of 2014, the United States of 

America has signed the Stockholm Convention but has not ratified it. There are a 

handful of other countries that have not ratified the convention but most countries in 

the world have ratified the convention [24]. 

https://en.wikipedia.org/wiki/Stockholm_Convention_on_Persistent_Organic_Pollutants
https://en.wikipedia.org/wiki/Stockholm_Convention_on_Persistent_Organic_Pollutants
https://en.wikipedia.org/wiki/United_Nations_Environment_Programme
https://en.wikipedia.org/wiki/United_Nations_Environment_Programme
https://en.wikipedia.org/wiki/United_States_of_America
https://en.wikipedia.org/wiki/United_States_of_America
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In May 1995, the United Nations Environment Programme Governing 

Council investigated POPs. Initially the Convention recognized only twelve POPs 

for their adverse effects on human health and the environment, placing a global ban 

on these particularly harmful and toxic compounds and requiring its parties to take 

measures to eliminate or reduce the release of POPs in the environment [29-31]. 

1. Aldrin, an insecticide used in soils to kill termites, grasshoppers, Western corn 

rootworm, and others, is also known to kill birds, fish, and humans. Humans are 

primarily exposed to aldrin through dairy products and animal meats. 

2. Chlordane, an insecticide used to control termites and on a range of agricultural 

crops, is known to be lethal in various species of birds, including mallard ducks, 

bobwhite quail, and pink shrimp; it is a chemical that remains in the soil with a 

reported half-life of one year. Chlordane has been postulated to affect the 

human immune system and is classified as a possible human carcinogen. 

Chlordane air pollution is believed the primary route of humane exposure. 

3. Dieldrin, a pesticide used to control termites, textile pests, insect-borne diseases 

and insects living in agricultural soils. In soil and insects, aldrin can be oxidized, 

resulting in rapid conversion to dieldrin. Dieldrin’s half-life is approximately 

five years. Dieldrin is highly toxic to fish and other aquatic animals, particularly 

frogs, whose embryos can develop spinal deformities after exposure to low 

levels. Dieldrin has been linked to Parkinson's disease, breast cancer, and 

classified as immunotoxic, neurotoxic, with endocrine disrupting capacity. 

Dieldrin residues have been found in air, water, soil, fish, birds, and mammals. 

Human exposure to dieldrin primarily derives from food. 

4. Endrin, an insecticide sprayed on the leaves of crops, and used to control 

rodents. Animals can metabolize endrin, so fatty tissue accumulation is not an 

issue, however the chemical has a long half-life in soil for up to 12 years. Endrin 

is highly toxic to aquatic animals and humans as a neurotoxin. Human exposure 

results primarily through food. 

5. Heptachlor, a pesticide primarily used to kill soil insects and termites, along 

with cotton insects, grasshoppers, other crop pests, and malaria-carrying 

mosquitoes. Heptachlor, even at every low doses has been associated with the 
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decline of several wild bird populations – Canada geese and American kestrels. 

In laboratory tests have shown high-dose heptachlor as lethal, with adverse 

behavioral changes and reduced reproductive success at low-doses, and is 

classified as a possible human carcinogen. Human exposure primarily results 

from food. 

6. Hexachlorobenzene (HCB), was first introduced in 1945–59 to treat seeds 

because it can kill fungi on food crops. HCB-treated seed grain consumption is 

associated with photosensitive skin lesions, colic, debilitation, and a metabolic 

disorder called porphyria turcica, which can be lethal. Mothers who pass HCB 

to their infants through the placenta and breast milk had limited reproductive 

success including infant death. Human exposure is primarily from food. 

7. Mirex, an insecticide used against ants and termites or as a flame retardant in 

plastics, rubber, and electrical goods. Mirex is one of the most stable and 

persistent pesticides, with a half-life of up to 10 years. Mirex is toxic to several 

plant, fish and crustacean species, with suggested carcinogenic capacity in 

humans. Humans are exposed primarily through animal meat, fish, and wild 

game. 

8. Toxaphene, an insecticide used on cotton, cereal, grain, fruits, nuts, and 

vegetables, as well as for tick and mite control in livestock. Widespread 

toxaphene use in the US and chemical persistence, with a half-life of up to 12 

years in soil, results in residual toxaphene in the environment. Toxaphene is 

highly toxic to fish, inducing dramatic weight loss and reduced egg viability. 

Human exposure primarily results from food. While human toxicity to direct 

toxaphene exposure is low, the compound is classified as a possible human 

carcinogen. 

 

9. Polychlorinated biphenyls (PCBs), used as heat exchange fluids, in electrical 

transformers, and capacitors, and as additives in paint, carbonless copy paper, 

and plastics. Persistence varies with degree of halogenation, an estimated half-

life of 10 years. PCBs are toxic to fish at high doses, and associated with 

spawning failure at low doses. Human exposure occurs through food, and is 

associated with reproductive failure and immune suppression. Immediate 

https://en.wikipedia.org/wiki/Canada_goose
https://en.wikipedia.org/wiki/American_kestrel
https://en.wikipedia.org/wiki/Hexachlorobenzene
https://en.wikipedia.org/wiki/Fungicide
https://en.wikipedia.org/wiki/Colic
https://en.wikipedia.org/wiki/Metabolic_syndrome
https://en.wikipedia.org/wiki/Metabolic_syndrome
https://en.wikipedia.org/wiki/Mirex
https://en.wikipedia.org/wiki/Flame_retardant
https://en.wikipedia.org/wiki/Crustacean
https://en.wikipedia.org/wiki/Toxaphene
https://en.wikipedia.org/wiki/Polychlorinated_biphenyls
https://en.wikipedia.org/wiki/Heat-transfer_oil
https://en.wikipedia.org/wiki/Transformer
https://en.wikipedia.org/wiki/Transformer
https://en.wikipedia.org/wiki/Capacitor
https://en.wikipedia.org/wiki/Halogenation


 9 

effects of PCB exposure include pigmentation of nails and mucous 

membranes and swelling of the eyelids, along with fatigue, nausea, and 

vomiting. Effects are transgenerational, as the chemical can persist in a 

mother’s body for up to 7 years, resulting in developmental delays and 

behavioral problems in her children. Food contamination has led to large scale 

PCB exposure. 

10. Dichlorodiphenyltrichloroethane (DDT) is probably the most infamous POP. 

It was widely used as insecticide during WWII to protect against malaria and 

typhus. After the war, DDT was used as an agricultural insecticide. In 1962, the 

American biologist Rachel Carson published Silent Spring, describing the 

impact of DDT spraying on the US environment and human health. DDT’s 

persistence in the soil for up to 10–15 years after application has resulted in 

widespread and persistent DDT residues throughout the world including the 

arctic, even though it has been banned or severely restricted in most of the 

world. DDT is toxic to many organisms including birds where it is detrimental 

to reproduction due to eggshell thinning. DDT can be detected in foods from all 

over the world and food-borne DDT remains the greatest source of human 

exposure. Short-term acute effects of DDT on humans are limited, however 

long-term exposure has been associated with chronic health effects including 

increased risk of cancer and diabetes, reduced reproductive success, and 

neurological disease. 

11. Dioxins are unintentional by-products of high-temperature processes, such as 

incomplete combustion and pesticide production. Dioxins are typically emitted 

from the burning of hospital waste, municipal waste, and hazardous waste, 

along with automobile emissions, peat, coal, and wood. Dioxins have been 

associated with several adverse effects in humans, including immune and 

enzyme disorders, chloracne, and are classified as a possible human carcinogen. 

In laboratory studies of dioxin effects an increase in birth defects and stillbirths, 

and lethal exposure have been associated with the substances. Food, particularly 

from animals, is the principal source of human exposure to dioxins. 

12. Polychlorinated dibenzofurans are by-products of high-temperature 

processes, such as incomplete combustion after waste incineration or in 
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automobiles, pesticide production, and polychlorinated biphenyl production. 

Structurally similar to dioxins, the two compounds share toxic effects. Furans 

persist in the environment and classified as possible human carcinogens. Human 

exposure to furans primarily results from food, particularly animal products. 

Since 2001, this list has been expanded to include some polycyclic 

aromatic hydrocarbons (PAHs), brominated flame retardants, and other 

compounds. Additions to the initial 2001 Stockholm Convention list are as 

following POPs:  

13. Chlordecone, a synthetic chlorinated organic compound,is primarily used as an 

agricultural pesticide, related to DDT and Mirex. Chlordecone is toxic to aquatic 

organisms, and classified as a possible human carcinogen. Many countries have 

banned chlordecone sale and use, or intend to phase out stockpiles and wastes. 

14. α-Hexachlorocyclohexane (α-HCH) and β-Hexachlorocyclohexane (β-HCH) 

are insecticides as well as by-products in the production of lindane. Large 

stockpiles of HCH isomers exist in the environment. α-HCH and β-HCH are 

highly persistent in the water of colder regions. α-HCH and β-HCH has been 

linked Parkinson's and Alzheimer's disease. 

15. Hexabromodiphenylether (hexaBDE) and heptabromodiphenyl 

ether (heptaBDE) are main components of commercial octabromodiphenyl 

ether (octaBDE). Commercial octaBDE is highly persistent in the environment, 

whose only degradation pathway is through debromination and the production 

of bromodiphenyl ethers, which can increase toxicity. 

16. Lindane (γ-hexachlorocyclohexane), a pesticide used as a broad spectrum 

insecticide for seed, soil, leaf, tree and wood treatment, and 

against ectoparasites in animals and humans (head lice and scabies). Lindane 

rapidly bioconcentrates. It is immunotoxic, neurotoxic, carcinogenic, linked to 

liver and kidney damage as well as adverse reproductive and developmental 

effects in laboratory animals and aquatic organisms. Production of lindane 

unintentionally produces two other POPs α-HCH and β-HCH.[citation needed] 

17. Pentachlorobenzene (PeCB), is a pesticide and unintentional byproduct. PeCB 

has also been used in PCB products, dyestuff carriers, as a fungicide, a flame 

https://en.wikipedia.org/wiki/Polychlorinated_biphenyl
https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbons
https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbons
https://en.wikipedia.org/wiki/Brominated_flame_retardant
https://en.wikipedia.org/wiki/Chlordecone
https://en.wikipedia.org/wiki/Alpha-Hexachlorocyclohexane
https://en.wikipedia.org/wiki/Beta-Hexachlorocyclohexane
https://en.wikipedia.org/wiki/Lindane
https://en.wikipedia.org/wiki/Parkinson%27s_disease
https://en.wikipedia.org/wiki/Alzheimer%27s_disease
https://en.wikipedia.org/wiki/Hexabromodiphenyl_ether
https://en.wikipedia.org/wiki/Heptabromodiphenyl_ether
https://en.wikipedia.org/wiki/Heptabromodiphenyl_ether
https://en.wikipedia.org/wiki/Octabromodiphenyl_ether
https://en.wikipedia.org/wiki/Octabromodiphenyl_ether
https://en.wikipedia.org/wiki/Bromodiphenylmethane
https://en.wikipedia.org/wiki/Lindane
https://en.wikipedia.org/wiki/Ectoparasite
https://en.wikipedia.org/wiki/Bioconcentration
https://en.wikipedia.org/wiki/Immunotoxin
https://en.wikipedia.org/wiki/Neurotoxicity
https://en.wikipedia.org/wiki/Carcinogenic
https://en.wikipedia.org/wiki/Wikipedia:Citation_needed
https://en.wikipedia.org/wiki/Pentachlorobenzene


 11 

retardant, and a chemical intermediate. PeCB is moderately toxic to humane, 

while highly toxic to aquatic organisms. 

18. Tetrabromodiphenyl ether (tetraBDE) and pentabromodiphenyl ether 

(pentaBDE) are industrial chemicals and the main components of commercial 

pentabromodiphenyl ether (pentaBDE). PentaBDE has been detected in humans 

in all regions of the world. 

19. Perfluorooctanesulfonic acid (PFOS) and its salts are used in the production 

of fluoropolymers. PFOS and related compounds are extremely persistent, 

bioaccumulating and biomagnifying. The negative effects of trace levels of 

PFOS have not been established. 

20. Endosulfans are insecticides to control pests on crops such coffee, cotton, rice 

and sorghum and soybeans, tsetse flies, ectoparasites of cattle. They are used as 

a wood preservative. Global use and manufacturing of endosulfan has been 

banned under the Stockholm convention in 2011, although many countries had 

previously banned or introduced phase-outs of the chemical when the ban was 

announced. Toxic to humans and aquatic and terrestrial organisms, linked to 

congenital physical disorders, mental retardation, and death. Endosulfans' 

negative health effects are primarily liked to its endocrine disrupting capacity 

acting as an antiandrogen. 

21. Hexabromocyclododecane (HBCD) is a brominated flame retardant primarily 

used in thermal insulation in the building industry. HBCD is persistent, toxic 

and ecotoxic, with bioaccumulative and long-range transport properties. 

Current studies aimed at minimizing POPs in the environment are 

investigating their behavior in photo catalytic oxidation reactions. POPs that are found 

in humans and in aquatic environments the most are the main subjects of these 

experiments. Aromatic and aliphatic degradation products have been identified in these 

reactions. Photochemical degradationis negligible compared to photocatalytic 

degradation. A method of removal of POPs from marine environments that has been 

explored is adsorption. It occurs when an absorbable solute comes into contact with a 

solid with a porous surface structure. Current efforts are more focused on banning the 

use and production of POPs worldwide rather than removal of POPs [24].  

https://en.wikipedia.org/wiki/Tetrabromodiphenyl_ether
https://en.wikipedia.org/wiki/Perfluorooctanesulfonic_acid
https://en.wikipedia.org/wiki/Biomagnification
https://en.wikipedia.org/wiki/Endosulfan
https://en.wikipedia.org/wiki/Wood_preservation
https://en.wikipedia.org/wiki/Antiandrogen
https://en.wikipedia.org/wiki/Hexabromocyclododecane
https://en.wikipedia.org/wiki/Brominated_flame_retardant
https://en.wikipedia.org/wiki/Thermal_insulation
https://en.wikipedia.org/wiki/Ecotoxicity
https://en.wikipedia.org/wiki/Bioaccumulative
https://en.wikipedia.org/wiki/Photocatalysis
https://en.wikipedia.org/wiki/Aquatic_ecosystem
https://en.wikipedia.org/wiki/Aromatic_compound
https://en.wikipedia.org/wiki/Aliphatic_compound
https://en.wikipedia.org/wiki/Photocatalysis


 12 

 

2.3 Photocatalyst 

 A photocatalyst is defined as a substance which is activated by adsorbing a 

photon and is capable of accelerating a reaction without being consumed (25). In 

photogenerated catalysis, the photocatalytic activity depends on the ability of the 

catalyst to create electron-hole pairs, which generate free radicals (e.g. hydroxyl 

radicals: •OH) able to undergo secondary reactions. Therefore, a suitable bandgap 

energy together with chemical and physical stability, nontoxic nature, availability, and 

low cost are important requirements to be taken into account to choose a 

solid photocatalyst. These substances are invariably semiconductors. Semiconducting 

oxide photocatalysts have been increasingly focused in recent years due to their 

potential applications in solar energy conversion and environmental purification. 

Semiconductor heterogeneous photocatalysis has enormous potential to treat organic 

contaminants in water and air. This process is known as advanced oxidation process 

(AOP) are a set of chemical treatment procedures designed to remove organic (and 

sometimes inorganic) materials in water and wastewater by oxidation through 

reactions with hydroxyl radicals (·OH). In real-world applications of wastewater 

treatment, however, this term usually refers more specifically to a subset of such 

chemical processes that employ ozone (O3), hydrogen peroxide (H2O2) and/or UV 

light. One such type of process is called in situ chemical oxidation. Among AOPs, 

Developed in the 1970s, heterogeneous photocatalytic oxidation has been given 

considerable attention and in the past two decades numerous studies have been carried 

out on the application of heterogeneous photocatalytic oxidation process with a view to 

decompose and mineralize recalcitrant organic compounds. It involves the acceleration 

of photoreaction in the presence of a semiconductor catalyst [26].  

 

2.4 Semiconductors 

 Semiconductor materials are materials whose valence band and conduction 

band are separated by an energy gap or band-gap. When a semiconductor molecule 

absorbs photons with energy equal or greater than its band-gap, electrons in the valence 

band can be excited and jump up into the conduction band, and thus charge carriers are 

https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Wastewater
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Hydroxyl_radicals
https://en.wikipedia.org/wiki/Wastewater_treatment
https://en.wikipedia.org/wiki/Wastewater_treatment
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/In_situ_oxidation


 13 

generated. In order to have a photocatalyzed reaction, the e−–h+ recombination, 

subsequent to the initial charge separation, must be prevented as much as possible 

[27,28]. Several semiconductors (such as TiO2, ZnO, Fe2O3, CdS, and ZnS) can act as 

sensitizers for light-induced redox-processes due to the electronic structure of the metal 

atoms in chemical combination, which is characterized by a filled valence band, and an 

empty conduction band [29]. Metal oxide semiconductors are considered to be the most 

suitable photocatalysts due to their photo corrosion resistance and wide band gap 

energies. Table 1. provides the band gap energies at corresponding wavelength for well-

known semiconductors. TiO2 stands out as the most effective photocatalyst and has 

been extensively used in water and wastewater treatment studies [30,31]. 

 

Table 1 Band gap energies of various semiconductors at relevant wavelengths [32]. 
 

Semiconductor Band gap energy (eV) Wanelength 

          TiO2 (rutile) 3.0 413 

          TiO2 (anatest) 3.2 388 

          ZnO 3.2 388 

          ZnS 3.6 335 

          CdS 2.4 516 

          Fe2O3 2.3 539 

 

  Among all these semiconductors, TiO2 has been most commonly studied 

due to its ability to break down organic pollutants and even achieve complete 

mineralization. Photocatalytic and hydrophilic properties of TiO2 makes it close to an 

ideal catalyst due to its high reactivity, reduced toxicity, chemical stability and lower 

costs [33]. Fujishima and Honda [34] pioneered the concept of titania photocatalysis 

(also known as “Honda-Fujishima effect”).  Though TiO2 has the disadvantage of not 

being activated by visible light, but by ultraviolet (UV) light, it is advantageous over 

the others in that it is chemically and biologically inert, photocatalytically stable, 

relatively easy to produce and to use, able to efficiently catalyze reactions, cheap and 

without risks to environment or humans [(35,36)]. 
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2.5 Mechanism and fundamentals of photocatalytic reactions 

 Photocatalysis may be termed as a photo induced reaction which is accelerated 

by the presence of a catalyst [30]. These types of reactions are activated by absorption 

of a photon with sufficient energy (equals or higher than the band-gap energy (Ebg) of 

the catalyst) [35]. The absorption leads to a charge separation due to promotion of an 

electron (e-) from the valence band of the semiconductor catalyst to the conduction 

band, thus generating a hole (h+) in the valence band (the schematic diagram of the 

process is presented in Figure 2 [26]). The recombination of the electron and the hole 

must be prevented as much as possible if a photocatalyzed reaction must be favored. 

The ultimate goal of the process is to have a reaction between the activated electrons 

with an oxidant to produce a reduced product, and also a reaction between the generated 

holes with a reductant to produce an oxidized product. The photogenerated electrons 

could reduce the dye or react with electron acceptors such as O2 adsorbed on the Ti(III)-

surface or dissolved in water, reducing it to superoxide radical anion (𝑂2
−)•. The photo 

generated holes can oxidize the organic molecule to form R+, or react with OH− or H2O 

oxidizing them into OH• radicals. Together with other highly oxidant species (peroxide 

radicals) they are reported to be responsible for the heterogeneous TiO2 

photodecomposition of organic substrates as dyes. The resulting •OH radical, being a 

very strong oxidizing agent (standard redox potential +2.8 V) can oxidize most azo dyes 

to the mineral end-products. According to this, the relevant reactions at the 

semiconductor surface causing the degradation of dyes can be expressed as follows: 

 

 TiO2 + hv(UV) → TiO2 (eCB + hVB
+)  (1) 

 TiO2 (hVB
+) + H2O → TiO2 + H+ + OH•  (2) 

 TiO2 (hVB
+) + OH− → TiO2 + OH•   (3) 

 TiO2 (eCB
−) + O2 → TiO2 + O2

•-   (4) 

 O2
•- + H+ → HO2

•     (5) 

 R + OH• → degradationproducts   (6) 

 R + hVB
+ → oxidationproducts   (7) 

 R + eCB
− → reductionproducts   (8) 
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where hv is photon energy required to excite the semiconductor electron from the 

valence band (VB) region to conduction band (CB) region and R represents the organic 

compound. [37].  

 

 

Figure 2 Reaction mechanism of TiO2 photocatalysis [38]. 

 

 

 

 

2.6 Factors affecting the photocatalytic process 

 As showed earlier, photocatalytic reactions are extremely complex processes 

involving many participants namely water, organic substrate, catalyst, light and oxygen. 

Therefore, it is obvious that operational parameters related to each of these agents may 

affect the efficiency of the photocatalytic process. Photocatalytic reaction rates are 

known to be affected by several operation conditions including pH of the medium, 

catalyst loading, substrate concentration, light intensity (photonic flux), temperature 

and oxygen pressure. Also, physical and chemical intrinsic properties of the 

photocatalyst may affect its photoefficiency. TiO2 crystal composition, surface area, 

crystallite dimensions and presence of surface hydroxyl groups are known to be 

important parameters that influence the efficiency of the catalyst in photocatalytic 
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reactions. Since these themes will be the subject of some of the studies presented in this 

research work, they will be discussed in detail in the chapters dedicated to results. 

However, a brief description of the effect caused by each operational parameter in the 

efficiency of the photocatalytic process is described in the following. 

 

 2.6.1 Operational parameters 

  Catalyst loading 

   In photocatalytic processes, the initial rates of reaction are found to be 

proportional to the mass of catalyst. However, above a certain amount, the reaction rate 

becomes independent of the mass of catalyst. This limit corresponds to the maximum 

amount of TiO2 at which all particles are totally illuminated. Generally, in any given 

photocatalytic application, the optimum catalysts loading must be determined, in order 

to avoid excess catalyst and ensure total absorption of efficient photons [39]. 

  Substrate concentration 

   In photocatalytic degradation reactions, the observed rate constant 

decreases with the increase of initial organic pollutant concentration. The main steps of 

the photocatalytic reaction occur on the surface of the catalyst, and therefore, a high 

adsorption capacity is associated with reaction favoring. It is assumed that most of the 

reactions follow a Langmuir-Hinshelwood kinetic rate model, meaning that for high 

initial concentration all catalytic sites are occupied. A further increase of the 

concentration does not affect the actual catalyst surface concentration, and therefore, 

this may result in a decrease of the observed rate constant. Intermediates generated 

during the photocatalytic process also affect the rate constant of their parent 

compounds. A high initial concentration of the initial pollutant means higher 

concentrations of adsorbed reaction intermediates, which will negatively affect the 

overall rate [38]. 

  pH of the medium 

   The acid-basic properties of the reaction medium play an important role 

in the photocatalytic reaction taking place at the surface of the semiconductor. The 

variation of pH affects TiO2 surface speciation due to the amphoteric (point of zero 
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charge at pH~6.5) nature of titania particles. Under acidic or alkaline conditions the 

surface of titania can be protonated or deprotonated, respectively. Also, the electronic 

state of the substrate molecule in the reaction media will depend on its acidic properties, 

namely pKa. The effect of the pH on the reaction rate can be interpreted in terms of 

electrostatic interactions between charged TiO2 particles and the substrate. This in turn 

affects the adsorption process, important since the photocatalytic reactions are believed 

to be surface processes. For photocatalytic reactions using TiO2 slurries, pH conditions 

has also been reported to have an influence on the dispersion of the semiconductor 

particles in suspension, and therefore on the photodegradation rate [40]. 

  Temperature 

   The overall process of photocatalytic degradation is not too sensitive to 

temperature. The degradation rate dependency on temperature is reflected by the low 

activation energy (5–20 kJ mol-1) compared with ordinary thermal reactions [41]. Due 

to photonic activation, the photocatalytic systems do not require heating and can operate 

at room temperature. This absence of heating is very attractive for processes carried out 

in aqueous medium, especially for water purification, because there is no need to waste 

energy in heating water, which has a high heat capacity. 

  Oxygen pressure 

   In liquid phase reactions, it becomes difficult to study the influence of 

oxygen partial pressure because the reaction is polyphasic. It is generally assumed that 

oxygen adsorbs on titania from the liquid phase, where it is dissolved following Henry’s 

law [7]. If oxygen is regularly supplied, it can be assumed that its coverage at the surface 

of TiO2 is constant and its contribution can be integrated in the apparent rate constant. 

Dissolved oxygen is strongly electrophilic and thus an increase of its content probably 

reduces unfavorable electron/hole recombination routes. However, higher 

concentrations lead to a downturn of the reaction rate, which can be attributed to the 

fact that the TiO2 surface becomes highly hydroxylated inhibiting the adsorption of the 

pollutant at the active sites [42]. 
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  Photon flux 

   The radiant flux (ϕ), which is proportional to the light intensity, 

constitutes a very important parameter in the design of the reactor and in the choosing 

of the light source. Photocatalytic degradation rates have been found to follow two 

distinct regimes with respect to the radiant flux: a first-order regime for low photon flux 

and a half-order regime for high intensities [43]. In the former regime, the electron/hole 

pairs are consumed more rapidly by chemical reactions than by recombination 

reactions, whereas in the half-order regime, the electron/hole recombination is the 

dominant process. 

 2.6.2 TiO2 structural and morphological properties 

  TiO2 crystal structure 

   Titanium dioxide in the anatase form is generally accepted to be the most 

active polymorph. This better efficiency is attributed to a higher degree of 

hydroxylation of anatase when compared with rutile phase. Also, the higher surface 

area of anatase TiO2 is pointed as one of the properties that contribute to its superior 

efficiency. Even though, some studies have revealed that pure anatase not always lead 

to the best photocatalytic performance [31]. These findings were discussed in terms of 

the presence of rutile phase may introduce mesoporosity and a wider pore size 

distribution to the resultant catalyst. The catalytic activity may be a combined effect of 

the pore size, the pore size distribution and the appropriate crystal plane on which 

adsorption takes place. 

  Surface area 

   The surface area of a solid catalyst is directly related to the concentration 

of active sites for adsorption and reaction. A large surface area can be a determining 

factor in certain photodegradation reactions, since the adsorption of large amounts of 

substrate and oxygen promotes the reaction rate. However, powders with high surface 

areas are usually associated with large amounts of crystal lattice defects, facilitating the 

recombination of the photo-generated electron/hole pairs, leading to a poor 

photocatalytic activity [44]. It has been reported that the photocatalytic activity of 

amorphous titania is negligible indicating that crystallinity is an important requirement 
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[10]. Therefore, a balance between surface area and crystallinity must be found in order 

to obtain the maximum photoactivity. 

  Particle dimensions 

   Particle size and ultimately, crystallite dimensions play an important role 

in the photoactivity of the semiconductor, since the electron/hole recombination 

process was showed to be particle size dependent [44]. It is known that in nanometer-

size range, the physical and chemical properties of the semiconductors are modified, 

when compared to bulk size dimensions [45]. Small variations in particle size leads to 

great modifications in surface/bulk ratio, thus modifying the significance of volume and 

surface electron/hole recombination processes. Generally it is assumed that the smaller 

is the particle (in a nanometer range), the higher is the efficiency of the photocatalytic 

process. However, if the TiO2 crystallite size is extremely reduced, in the range of a 

few nanometers, lattice defects can lead to an increase in the electron/hole 

recombination. 

 Additionally, particle size is an important parameter for heterogeneous 

catalysis in general since it directly impacts the specific surface area of a catalyst. With 

a smaller particle size, the number of active surface sites increases, and so does the 

surface charge carrier transfer rate in photocatalysis. Some studies revealed that the 

photocatalytic efficiency does not monotonically increase with decreasing particle size, 

and there exists an optimal particle size of a few nanometers (3−10 nm) for pure 

nanocrystalline TiO2 photocatalyst [46]. Nevertheless, as for other properties, an 

optimum value may be discussed only in the context of the used catalyst, organic 

compound and process parameters. 

 

2.7 Titanium dioxide photocatalyst (TiO2) 

 Titanium dioxide (TiO2) or titania is a very well-known and well researched 

material due to the stability of its chemical structure, biocompatibility, physical, optical 

and electrical properties. It exists in four mineral forms, anatase, rutile, brookite and 

titanium dioxide or TiO2 as shown in fig 3.  
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Figure 3 Crystalline Phases of TiO2. 

 

 Anatase type TiO2 has a crystalline structure that corresponds to the tetragonal 

system (with dipyramidal habit) and is used mainly as a photocatalyst under UV 

irradiation. Rutile type TiO2 also has a tetragonal crystal structure (with prismatic 

habit). This type of titania is mainly used as white pigment in paint. Rutile is the 

thermodynamically most stable modification (ca. 1.2–2.8 kcal mol−1 more stable than 

anatase). Rutile to anatase transformation occurs in the temperature range 700–1000 ◦C 

depending on the crystallite size and impurity content. The band gap energies for 

anatase and rutile have been estimated to be 3.2 and 3.0 eV, respectively. The smaller 

band gap of rutile however implies that a higher fraction of the solar radiation can 

induce band gap excitation (three-fold increase in photocurrents). Anatase is the low-

temperature stable form (appears in the form of pyramid-like crystals) and rutile 

(needlelike) is the dominant form in high temperature preparations, including single 

crystals. The reduced density of anatase as compared to rutile (3.89 gcm−3 versus 4.26 

g cm−3) leads to significant differences in many physical properties. Rutile has non-

negligible absorption in the near-UV region (350 - 400 nm), ca. 4% of the incident solar 

radiation. The anatase form of titanium dioxide has the desirable properties of being 

chemically stable, readily available and active as a photocatalyst for oxidation 

processes. Brookite type TiO2 has an orthorhombic crystalline structure. TiO2 is a 

monoclinic mineral and is a relatively newcomer to the titania family. TiO2, therefore 

is a versatile material that has applications in various products such as paint pigments, 

sunscreen lotions, electrochemical electrodes, capacitors, solar cells and even as a food 

coloring agent and in toothpastes [47].  



 21 

 The possible application for this material as a photocatalyst in a commercial 

scale water treatment facility is due to several factors: 

 (a) Photocatalytic reaction takes place at room temperature.  

 (b) Photocatalytic reactions do not suffer the drawbacks of photolysis reactions 

in terms of the production of intermediate products because organic pollutants are 

usually completely mineralized to non-toxic substances such as CO2, HCl and water 

[65–68].  

 (c) The photocatalyst is inexpensive and can be supported on various 

substrates such as, glass, fibers, stainless steel, inorganic materials, sand, activated 

carbons (ACs), allowing continuous reuse.  

 (d) Photogenerated holes are extremely oxidizing and photogenerated 

electrons reduce sufficiently to produce superoxides from dioxygens [48].  

 

 2.7.1 TiO2 application 

  After Fujishima and Honda’s discovery in 1972 of water splitting using 

TiO2 [49], photocatalysis became significantly attractive for researchers in the fields of 

energy and the environment. Photocatalysis using TiO2 has since been the subject of 

numerous studies, with an aim to improve its performance and investigate its 

advantages over other semiconductors [50,51]. Upon the absorption of light, electrons 

in the valence band of TiO2 become excited and move to an unoccupied conduction 

band and generate positive electron vacancies in the valence band. The photo generated 

electrons and holes can either recombine or react with electron donors or acceptors near 

the surface of the photocatalyst. OH groups on the TiO2 surface and O2 in the 

environment limit electron-hole recombination by reacting with holes and electrons to 

produce OH• and O2
•− radicals respectively. Subsequently, these radicals can take part 

in various reactions to produce other radicals depending on the reaction environment, 

or they can directly degrade organic pollutants in close proximity to the surface [52,53]. 

During the adsorption of pollutants onto the TiO2 surface the pollutant molecules have 

to move from the bulk environment closer to the photocatalytic TiO2 sites where they 

encounter layers of water molecules near the TiO2 surface. Certain pollutants can form 

hydrogen bonds with these water molecules, however to move further, the mentioned 
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pollutant molecules need to break the hydrogen bonds and disorganize the water layers. 

This is difficult as close to the surface of TiO2 the water molecules form a rigid network 

and hence the adsorption of pollutants on TiO2 may be hindered. Additionally, the rigid 

water molecule network renders the produced OH• radicals less mobile compared to 

ones that are produced in the bulk by homogenous photocatalysis. It has been suggested 

that these issues arising from the water layers near the surface of TiO2 may be overcome 

by the addition of an adsorbent which has greater preference for certain pollutants. 

Although heterogeneous photocatalysis is a promising method for pollutant removal in 

a sustainable way, its actual application is limited. Various factors can improve the 

efficiency of TiO2 photocatalysis while there are also factors which reduce its 

efficiency. Some of these parameters are discussed in Table 2.  

Table 2 Some factors affecting the efficiency of photocatalytic processes. 
 

Factor Studied Key findings 

Crystalline Phase Anatase phase has shown higher activity compared to the 

rutile phase. 

Rutile’s high temperature heat treatment is detrimental to 

activity. 

A mixture of anatase and rutile phases can result in 

enhanced activity. 

Particle Size A reduction in size will generally improve photocatalytic 

activity. 

Excitation Wavelength Doping of TiO2 photocatalyst with metal and non-metal 

deposits and ions can aid its visible light activation. 

Affinity for organic 

pollutants 

Generally TiO2 has a low tendency to adsorb organic 

molecules. 

Addition of surfactants can increase its adsorption 

capability; however, oxidation of surfactant groups during 

photocatalysis can occur. 

Loading TiO2 on an adsorbent support can increase the 

concentration of pollutants near the TiO2 surface. 
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Photocatalyst particle 

separation post reaction 

Separation of TiO2 particles from the bulk can be 

improved by fixing them on a large size support. 

 

 As can be seen from Table 2, in addition to TiO2’s properties that influence its 

performance, the shortcomings of this semiconductor can also be improved using 

various strategies. Firstly, TiO2’s narrow excitation region (< 400) and absorption of 

only 5% of the solar spectrum limits its applications under solar illumination. The 

second issue is TiO2’s poor affinity for hydrophobic organic substances which makes 

the adsorption of organic pollutants on its surface relatively low. Finally, the practical 

application of fine nanosized TiO2 particles is difficult due to the issue of separating 

such fine materials from bulk media. Agglomerated nanoparticles have lower 

efficiencies as, in such systems, light cannot reach all of the particles. Therefore, many 

studies have shown that TiO2 film on many kinds of substrates such as stainless steel, 

fiber and polymer. Loading TiO2 on inert, adsorptive domains, through the so-called 

“adsorb and shuttle” approach [54–59], can be a very good strategy to increase the 

concentration of pollutants near the photocatalytic sites and thus improve the overall 

performance of photocatalytic systems. This is schematically described in Figure 4.  

 The above-mentioned “adsorb and shuttle” approach to improve photocatalytic 

reaction rates involves attaching photocatalyst particles to highly adsorbing domains to 

produce composite TiO2/adsorbent materials. They can be prepared using various 

methods and the final properties of the composites can be tailored depending on their 

final application. As mentioned earlier, such composites can also be used in a way 

where photocatalysis can act as an alternative regeneration method for adsorbent 

materials [42,60–65].  
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Figure 4 Schematic of adsorb and shuttle process [66]. 

 

 2.7.2 Methods for loading TiO2 onto various supports 

  As mentioned earlier, application of an adsorbent support may be one 

strategy to overcome TiO2’s limitations and improve reaction efficiencies. The 

synthesis methods of TiO2/adsorbent photocatalytic composites are significant in 

determining their final properties. The properties of the TiO2 component of a composite 

TiO2/adsorbent system such as its size, crystalline phase and dispersion will influence 

its photocatalytic efficiency, while characteristics of the adsorbent such as pore size and 

surface chemistry will affect its adsorption capability. Hence by choosing the 

appropriate synthesis method, within its given limitations and possibilities, and 

considering the resulting properties of both the TiO2 component and the adsorbent 

component, the final properties of the composite TiO2/adsorbent photocatalysts can be 

tailored. This section will briefly outline various loading methods which can be used to 

load TiO2 on an adsorptive support and the parameters of each of the methods which 

can be used to tailor the final photocatalyst/adsorbent properties [67,68]. 
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 The methods for loading TiO2 onto various supports can be classified 

according to TiO2 powder is added to the surface of a support or the TiO2 is deposited 

in-situ onto the surface of the support. There are many ways to prepare it, including 

some physical methods. More commonly-used methods are hydrothermal, 

solvothermal, impregnation, precipitation, hydrolysis and sol-gel methods [69]. 

 Hydrothermal  

  Hydrothermal synthesis is normally conducted in steel pressure vessels 

called autoclaves with or without Teflon liners under controlled temperature or pressure 

with the reaction in aqueous solutions. The temperature can be elevated above the 

boiling point of water, reaching the pressure of vapor saturation. The temperature and 

the amount of solution added to the autoclave largely determine the internal pressure 

produced. It is a method that is widely used for the production of small particles in the 

ceramics industry. TiO2 nanoparticles can be obtained by hydrothermal treatment of 

peptized precipitates of a titanium precursor with water. The precipitates were prepared 

by adding an isopropanol solution of titanium solution into deionized water, and then 

they were peptized at 70 ◦ C for 1 h. Besides TiO2 nanoparticles. In a typical preparation 

procedure, 2 g P25 TiO2 white power was placed into a Teflon-lined autoclave. After 

the autoclave was naturally cooled to room temperature, the obtained sample was 

filtered, washed with distilled water for several times. Then, the obtained products were 

collected and washed with HCl aqueous solution (pH 1.6) for 24 h, and washed with 

distilled water forseveral times until the pH value turned to 7. At last, the products were 

annealed in air for 2 h. [69–71]. 

 Solvothermal  

  The solvothermal method is almost identical to the hydrothermal method 

except that the solvent used here is nonaqueous. However, the temperature can be 

elevated much higher than that in hydrothermal method, since a variety of organic 

solvents with high boiling points can be chosen. The solvothermal method normally 

has better control than hydrothermal methods of the size and shape distributions and 

the crystallinity of the TiO2 nanoparticles. The solvothermal method has been found to 

be a versatile method for the synthesis of a variety of nanoparticles with narrow size 
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distribution and dispersity. The solvothermal method has been employed to synthesize 

TiO2 nanoparticles [72,73].  

 Impregnation 

  Impregnation is the simplest method to preparing supported catalysts. 

Impregnation is related to ion-exchange/adsorption processes and the interaction with 

the support is dominant. (Water) solution containing the metal precursors is contacted 

with a porous support. Dry impregnation (pore volume impregnation) the exact amount 

of liquid to fill the pore volume of the support is used and wet impregnation the amount 

of liquid is only “controlled” by the solubility of the metal precursor. The impregnation 

method has been used by many researchers as a convenient means of loading 

photocatalytic TiO2 onto various supports [44,45,74,75]. 

 Precipitation 

  Precipitation is in principle a crystallization process and can occur in the 

bulk of the liquid or on a relatively inert surface. The support particles act as 

crystallization nuclei for the active site precursor, when the hydrothermal solution was 

changed from an ammonium solution to water, the particles were smaller and more 

uniform as the nucleation and growth rates were slower in water. Prepare dilute solution 

of titanium tetrachloride. First add 10 mL hydrochloric acid in the beaker with 40 mL 

de-ionized water and put the beaker in the ice-water bath. Then placed it on the 

magnetic stirrer, add 6 mL pure solution of titanium tetrachloride drop by drop while 

stirring and prepare the expected solution. Keep the temperature of the solution of 

titanium tetrachloride under 10 °C, add excessive H2O2 into it, in the process the 

solution will turn dark red first, then it will get darker and finally it turn to black liquid. 

Under the effect of magnetic stirring, add ammonia gradually in the above-mentioned 

solution and adjust the pH to 10. When adding ammonia, a white sediment is obtained, 

but it dissolved with the stirring. A dense yellow particulate materials at pH is 8 is 

formed. With the increase of ammonia, the materials dissolve when pH is close to 10, 

the solution become bright milky yellow semi solid. Heat it to 50 °C and keep the 

temperature for 0.5 h and left for 18 h. Wash the sediment properly. After the seasoning, 

several layers are formed in the solution. The lower layer is light yellow cottonshaped 

sediment. Inhale the clear solution from the upper part of the beaker by the straw. Pour 
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the rest of the solution into the microburette to centrifugate it for 5 min. Pour out the 

solution from the microburette, add de-ionized water and use ultrasonic dispersion, 

centrifugate it again, repeat the action for three times. Put the sediment into the 60 °C 

drying box for 0.5 h and the white powder is formed. Heat it in the 500 °C muffle for 2 

h and white anatase titanium dioxide will be produced [76–78]. 

 Hydrolysis 

  Prepare the dilute solution of titanium tetrachloride. The method is most 

similar to the above-mentioned experiment, we can produce liquid A. Dissolve 

ammonium sulphate in the de-ionized water and add hydrochloric acid into it, which 

produce liquid B. Pour B into A (keep the temperature under 15 °C), B appears to be 

oily and gradually dissolves in A. The solution becomes clear and is heated to be 95 

°C. In the process when the temperature is about 60 °C, the color gradually gets darken, 

it turns turbid at 95 °C. Add ammonia until pH is 6, the solution turns milky white and 

become pure white sediment after seasoning it for 12 h. After pouring out the clear 

solution in the upper part, add a certain amount of de-ionized water into it. Then pour 

it into a microburette to centrifugate for 5 min. Then pour out the water in the 

microburette, add de-ionized water again. Put it in ultrasonic washer, centrifugate it 

after mixing thoroughly, repeat the action for three times. Put the white sediment which 

has been washed in the 80 °C drying box, dry it for 24 h and the sample becomes a dark 

solid mass. Place the sample in the 550 °C muffle to bake for 2 h to get nano powder 

of titanium dioxide [53,79]. 

 Sol-gel 

  The sol–gel process is a method for producing solid materials from small 

molecules. The method is used for the fabrication of metal oxides, especially the oxides 

of silicon and titanium. The process involves conversion of monomers into a colloidal 

solution (sol) that acts as the precursor for an integrated network (or gel) of either 

discrete particles or network polymers. Typical precursors are metal alkoxides. The sol-

gel method is one of the most widely applied methods for loading TiO2 onto a support. 

The main objective during the sol-gel loading procedure is to control the hydrolysis rate 

and slow it down as much as possible, to achieve a good dispersion of TiO2 over the 

support. The nanocrystalline titanium dioxide sol–gel formulations were prepared by 
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hydrolysis and condensation reaction of 5% titanium tetra-isopropoxide in acidic 

aqueous containing 5% acetic acid and 1.4% hydrochloric acid. The solutions were 

heated at 60 °C under vigorous stirring for 2 h. Porphyrize the product and put it to bake 

for 2 h in the 550 °C muffle and obtain the sample after cooling it. [79–82].  

 

2.8 Supporting materials  

 TiO2 powders, which represents a high photoactivity and a significant quantum 

effect is commonly in nanometer size, and there are also problems of separation and 

recovery of photocatalyst from the reaction media , supported TiO2 is one of the choice

 for the field application of the photocatalyst. Therefore, much recent work has 

been devoted to immobilize TiO2 photocatalyst on porous supporting matrices, such as 

silica, alumina, zeolites, activated carbon (AC) and activated carbon fiber (ACF). It has 

been reported that some natural biological materials, such as cellulose fiber felts, 

naturally grown wood (such as rattan and pine), and corrugated cardboard structures 

and different ash-forming biological materials, such as gills of mushrooms, cotton 

wool, spider silk, dog’s hair, and human hair [23,65,83] were also used in recent years 

as biological templates to prepare various materials with different structures. Natural 

biological templates have received so much attention due to their advantages such as 

that they are cheap, abundant, pollution-free, and renewable. 

 2.8.1 Cellulose fibers support 

  Cellulose is the most abundant and widespread biopolymer on the Earth. 

Owing to its abundance, biodegradability and some physical properties (high moisture 

adsorption, softness, high strength, etc.), cellulose is a very important renewable 

resource for the development of environment friendly, biocompatible and functional 

materials, quite apart from its traditional and massive use in papermaking and cotton 

textiles. Cellulose fibers present a polar surface associated with the hydroxylated nature 

of the constituting anhydroglucose units. Such a feature is responsible for the high 

hydrophilicity of cellulose, enabling the establishment of strong hydrogen bonding 

between fibers and the formation of three-dimensional fiber-based structures. On the 

other hand, the presence of these hydrophilic groups can promote the nucleation and 

growth of inorganic phases, such as TiO2 and ZnO, at the cellulose fiber surfaces, thus 
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allowing the production of nanocomposites with antimicrobial, UV blocking and novel 

infrared radiation properties [15,23,82,84–86]. Several studies have reported that TiO2 

coating of cotton textiles could be performed using different pretreatments and 

techniques such as RF-plasma, MW-plasma, UV-irradiation, dip-pad–dry-cure and dip-

coating [87,88]. 

 

 2.8.2 Pineapple leaf fibers 

  Thailand is one of the major countries in the world for pineapple 

production. Tons of pineapple leaf have become agricultural wastes after harvesting 

which have been interested for value adding. Pineapple leaf fiber (PALF) consists of 

cellulose about 70-80 %wt giving its high specific modulus and strength. It can be an 

efficient reinforcement for different polymers after its surface improvement with 

coupling agent. Compatibility of the components within the composites especially at 

the interfacial region, where stress transfer occurred, plays an important role for 

mechanical properties of the composite materials [24,86,89,90].  

 Alkaline treatment is widely used chemical process to remove hemicellulose 

and lignin components from natural fiber resulting in better-purified cellulose [91,92]. 

In this studies have reported that TiO2 coating on Pineapple leaf fibers. 

 

 

Figure 5 Pineapple leaf fibers after alkali treatment. 
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Figure 6 Chemical structure of cellulose. 
 

 

2.9 Effect of cross-link to graft nano TiO2 on fibers 

 One way to graft nano TiO2 on cotton fabrics is achieved using cross-link 

method. This spacer needs to have at least two free carboxylic groups to be able to bind 

both the cotton and the TiO2. The spacer should also have an acceptable chemical and 

thermal stability. Cotton-cellulose is a polysaccharide with many free hydroxyl groups 

on the surface. The spacer will be introduced by formation of a covalent ester-bond. 

This indicates esterification of a spacer carboxylic group through cellulose carboxylic 

group. This implies esterification of one carboxylic group of the spacer by a hydroxyl 

group of cellulose. The second spacer carboxylic group is meant to anchor TiO2 by 

electrostatic interaction. Previous work shows that TiO2 presents a strong electrostatic 

interaction with carboxylic groups (Figure 7) [23,85,87]. In this study, succinic acid 

was used as a cross-link agent to attach TiO2 to the cotton. The amount of loaded titania 

particles to cotton fabrics and the thermal behavior of cured samples. 

 

Figure 7 Connection of succinic acid to cotton and TiO2 through using the cross-link 

method [93]. 
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 2.9.1 Applications 

  In recent years, the use of nano titanium dioxide photo-catalyst to cover 

textile and improve their surface has expanded which is because of their ability to 

absorb ultra-violet irradiation. In addition, the coat of nano TiO2 particles on fabrics 

will not affect their breathability or hand feel. Several methods could be used to apply 

finishing materials onto fabrics, including spraying, transfer printing, foaming, and 

padding among which padding is the most commonly used method. At the same time, 

various poly carboxylic acids were investigated as cross-linkers for durable press 

finishing of cotton. Formaldehyde free formation of ester linkages, improved tensile 

and abrasion strength are among the advantages of these compounds. Poly carboxylic 

acids as citric acid (CA) and 1,2,3,4-butane tetra carboxylic acid (BTCA) are cotton 

cross-linking agents that are environment-friendly and can be suitable substitutes for 

methylols which contain cross-linkers. Cross-linking of BTCA and CA with cotton 

fabrics has been proposed to be catalyzed by sodium hypophosphite in acidic 

conditions. The mechanism of cross-linking is suggested to include cyclic anhydrides 

as reactive intermediates which are trapped by hydroxyl groups of fabrics CA with 

cotton fabrics has been proposed to be catalyzed by sodium hypophosphite in acidic 

conditions. The mechanism of cross-linking is suggested to include cyclic anhydrides 

as reactive intermediates which are trapped by hydroxyl groups of fabrics. The use of 

nano TiO2 as photo-catalyst in the presence of maleic anhydride (MA) as cross-linker 

to improve the crease recovery properties of the silk fabrics has been reported. Chen 

and Wang have reported the application of four different carboxylic acids, named, 

BTCA, MA, CA and succinic acid (SUA) as cross-linking agents to treat cotton fabrics 

in the presence of nanometer titanium dioxide as catalyst under UV irradiation and 

electronic field. It has been suggested that the dry crease recovery angle (DCRA) and 

wet crease recovery angle (WCRA) values of treated fabrics were in the rank of BTCA 

> MA > CA > SUA and the tensile strength retention values were as BTCA < MA < 

CA < SUA [(94)].  

 In this study, succinic acid was used as a cross-link agent to attach TiO2 to the 

cotton. The amount of loaded titania particles to cotton fabrics and the thermal behavior 

of cured samples. 
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 2.9.2 Coating process 

  Two methods of using cross-link were used to coat cotton with titania. 

Cross-link method was performed in 7 stages as follows: 

1. Cotton fabric was washed with distilled water at 80°C for an hour to remove 

wax and extra materials. 

2. Samples of washed cotton were immersed in an aqueous solution with 

succinic acid as cross-link agent (6%, w/w) in the presence of sodium 

hypo-phosphate as catalyst (4%, w/w) for 1 h. 

3. Cured cotton in stage 2 was dried in an oven at 85°C for 3 minutes and then 

curing process was applied for 2 minutes at 180°C. 

4. A TiO2 suspension was sonicated for 30 min. 

5. The cotton with loaded compound succinic acid from stage 3 were 

immersed into this aqueous suspensions of TiO2 and heated for 1 h at 75 

°C. 

6. Resultant fabric from stage 5 was put in an oven at 100°C until nano dioxide 

titanium particles got fixed over the cotton fabric. 

7. Cured cotton was ultrasonically washed for 10 minutes in order to remove 

titania particles having no bonding reaction with cotton & investigation 

stability of the TiO2 coatings. 

 Methods with and without cross-link are the same, the only difference is 

elimination of stages 2 and 3 in the latter. Different titania weight percents are chosen 

for these two methods. Distilled water was used as consumed water at all stages [93]. 
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CHAPTER 3 
 

RESEARCH METHODOLOGY 

 

 
3.1 Chemicals and materials 

 3.1.1 Chemicals  

  The chemicals used in this research were listed in Table 3. 

Table 3 The chemicals used in this research. 
 

Chemicals Grade Brand 

Titanium (IV) n butoxide (TBOT) 99% AR Acros Organics 

Ethanol absolute AR Carlo Erba Reagent 

Acetic acid (glacial) AR Acros Organics 

Ammonia solution 25% AR Sigma Aldrich 

Tetraethyl orthosilicate (TEOS) 98% AR Acros Organics 

Hydrochloric acid (HCl) 37% AR Sigma Aldrich 

Ammonium Acetate AR Sigma Aldrich 

Titanium(IV) Isopropoxide (TTIP) 98% AR Acros Organics 

Isopropanol AR Sigma Aldrich 

Sodium hydroxide (NaOH) AR Ajax Finechem 

Succinic acid AR Ajax Finechem 

Sodium chloride (NaCl) AR Ajax Finechem 

Potassium dihydrogen phosphate (KH2PO4) AR Ajax Finechem 

Sodium hypophosphite hydrate  (NaH2PO2) AR Ajax Finechem 

Sodium dihydrogen phosphate (Na2HPO4) AR Ajax Finechem 

Potassium chloride (KCl) AR Ajax Finechem 

Methylene Blue AR Sigma Aldrich 

Methyl Orange AR Sigma Aldrich 

Paraquat dichloride hydrate 99.99% AR Sigma Aldrich 

Paraquat dichloride solution 24% GMZ COM Syngenta 
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 3.1.2 Materials 

  The materials used in this research was pineapple leaf. The pineapple leaf 

was collected from Na Chueak Sub-district of Na Chueak District in Mahasarakham 

Province. The pineapple leaf fibers were extracted by alkaline hydrolysis.  

  

3.2 Instrument 

 The main items of instruments used in this research were listed in Table 4. 

Table 4 The detail of instruments used in this research. 
 

Instruments Model Company 

Spectrophotometer Thermo Scientific 4001/4 Thermo Electron  

Fourier transform infrared 

spectroscope  (FTIR) 

TENSOR 27 Bruker  

Scanning electron microscope 

(SEM)  

OL JSM-6460 LV 

 

JEOL 

pH meter CONSORT C-830 Metrohm Siam  

Voltammeter Heto SBD 50 Scientfic Promotion  

UV-Vis spectrophotometer UV-3101PC Shimadzu 

X-Ray Diffractometer (XRD) D8 Advance Bruker  

Surface Area and Pore Size Analyzer 

(BET and BJH) 

Autosorb-1 Quanta chrome  

Thermogravimetric analyzer (TGA) SDT Q600 TA Instruments 

Furnace CWF 1200 Carbolite 

Incubators ED 23 Binder 

Centifuge X3 Thermo Scientific 

Stirring Hotplate  Fisher Scientific hot Fisher Scientific 

Uv light Box F20T-BLB GE GE 

Inductively Coupled Plasma-Optical 

Emission Spectrometer (ICP-OES) 

Optima 7300DV Perkin Elmer 
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3.3 Experimental 

 3.3.1 Preparation of TiO2 powder 

  Preparation of TiO2 nano-photocatalysts was carried out by different 4 

methods. Then, the resulting catalysts were used as photocatalysts in paraquat 

degradation.  

  Method 1 In this method, 20 mL of tetrabutyl titanate and 4 mL of acetic 

acid were added into 26 mL of absolute ethanol under continuous stirring condition to 

obtain the solution, named solution A. 8 mL of deionized water, 12 mL of absolute 

ethanol and 12 mL of acetic acid were mixed together to obtain the another solution; 

named solution B. Then, solution B was added drop wise into solution A under stirring. 

The obtained solution was sealed and stirred continuously for another 30 min at room 

temperature. The resultant gel was aged at room temperature for 24 h and dried in an 

oven at 100 ◦C for 36 h. After grinding, the gel was heat-treated in a furnace at 300 ◦C 

for 3 h and white crystalline TiO2 nanoparticles were obtained at the end of the process. 

  Method 2 In this method, 10 g of CaCO3 templates was dispersed into a 

solution containing 300 mL of Ethanol, 36 mL of water, and 30 mL of 25.0 wt% 

ammonia solution. After 10 min ultrasonic treatment, the uniform CaCO3 suspension 

was immediately transferred to a 25 °C thermostatic water bath. Thereafter, 8 mL of 

TEOS was dropped in under vigorous stirring. After 3 h, the reaction was terminated 

by the addition of excess amount of ethanol. Particles were filtrated and washed with 

ethanol for several times and then dried under vacuum at 100 °C for overnight. The 

well dried powder was re-dispersed into 3 M HCl and stirred for 2 h to remove CaCO3 

templates. Finally, the obtained TiO2 particles were washed with distilled water for 

several times, and dried under vacuum at 100 °C for overnight. 

  Method 3 In this method, 1.5 mL TBOT and 1 g of ammonium acetate 

were dissolved in 20 mL and 15 mL absolute ethanol, respectively. After vigorously 

stirred for 10 min, the transparent mixed solution was diluted with 30 mL of absolute 

ethanol, transferred into an autoclave and remained at 200 °C for 2 h.. After the cooled 

to ambient temperature, the precipitate was followed by washing with absolute ethanol 

and dried under vacuum at 60 °C for 8 h. 
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  Method 4 In this method, 10 ml of TTIP was dissolved in 100 ml of 

isopropanol and then 0.15 ml of water and a few drops of about 1.0 ml of 1 M HCl were 

added. In fact, in order to synthesize the TiO2 as a powder form, the stoichiometric 

amount of water needed is 2.5 ml for 10 ml of TTIP. The mixture was heated up in an 

autoclave to 200 oC at a rate of 5 oC/min, and then the temperature was kept constant 

for 1 h. 

 

 3.3.2 Preparation of pineapple leaf fibers (PF) 

  Raw pineapple leaf fibers were prepared by alkaline treatment. The 

pineapple leaf were immerged and stirred continuously in 20 %wt NaOH solution. The 

mixture was then boiled for 2 h at 90 °C.  Next, the mixture was neutralized by slow 

adding of 5 %wt acetic acid solution, and it was washed by tab water for several times 

until no alkalinity detected in washed water. Finally, it was washed by distilled water. 

The fibers were filtered and then dried in an oven at 70 ºC for 24 h. The fibers were 

then obtained. 

 

 3.3.3 Preparation of TiO2 deposited on pineapple fibers 

  The TiO2 loading to pineapple fibers were prepared by mix pineapple leaf 

fibers (PF) and TTIP in optimum method which previously study. The preparation 

detail was immerged and stirred continuously in the mixed solution of  TTIP in different 

ratio 1:5, 1:1, 1:2 and 2:1 of TiO2:PF in isopropanol solution and then 0.15 ml water 

and a few drops of about 1.0 ml of 1 M HCl were added to allow the TiO2 formation 

occur. The mixture was heated up in an autoclave to 200 oC at a rate of 5 oC/min, and 

then the temperature was kept constant for 1 h. to remove the axcess of solvent and 

complete the TiO2 formation. 

 

 

 3.3.4 Preparation of crosslink on pineapple fibers  

  Samples of washed PF were immersed in an aqueous solution of the 

succinic acid (SA) as cross-link agent (6% w/w) in the presence of NaH2PO2 as inducer 
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(4%, w/w) for 1 h. Cured PF was dried in an oven at 85 oC for 3 min and then the 

process was applied for 2 min at 180 oC. A TiO2 suspension was sonicated for 30 min.  

 3.3.5 Calibration curve 

  MB was dissolved in distilled water at different concentration. The MB 

solution was adjusted as 0, 1, 3, 5, 7, 10, 13 and 15 mg/L. The standard MB 

concentrations were measured using spectrophotometer at λmax 664 nm. The calibration 

curve were done by plotting of MB concentration (mg/L) versus absorbance. 

 

3.4 Activity test 

 3.4.1 Paraquad degradation activity 

  The photodegradation of paraquat was tested in the homemade batch 

reactor at room temperature under uv lamp. The standard paraquat solution was 

purchased and was diluted to 1000 ppm. It was then diluted to 400 ppm and the amount 

of 10 ml was loaded to the reactor. The starting pH of paraquat solution was maintained 

at 7.0 by added either HCl or NaOH. The reaction was started after the catalyst was 

loaded to the paraquat solution. The mixture was stirred for 2 hour and then about 10 

ml of mixture was sampling. The reaction was stopped by the separation of the solid 

catalyst from the solution by centrifuged at 3500 rpm for 30 min and then the 

transparent was obtained. The transparent was then analysed the paraquat concentration 

by voltammetry technique with using glassy-carbon working electrode (autolab 

PGSTAT204; metrohm).  

   

 

 3.4.2 Methylene blue degradation activity 

  The photodegradation of MB was tested in the homemade batch reactor at 

room temperature under uv lamp. The standard MB solution was diluted to 10 ppm and 

the amount of 10 ml was loaded to the reactor. The reaction was started after the catalyst 

was loaded to the MB solution. The mixture was stirred for 2 hour and then about 10 

ml of mixture was sampling. The reaction was stopped by the separation of the solid 

catalyst from the solution by filtered solid and then the transparent was obtained. The 
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transparent was then analysed the MB concentration by uv-vis spectrometer by the 

absorbance peak at 664 nm.  

 

3.5 Analytical methods 

 After uv radiation, the PQ and MB concentrations was calculated from the 

calibration curve. The photodegradation efficiency of PQ and MB was calculated by 

follows  
C - C

initial residual%MBremoval = ×100
C

initial

 
 
 
 

 

 

3.6 Characterization of catalyst 

 3.6.1 Fourier transform infrared spectroscopy (FTIR) 

  To study the surface properties of all catalyst prepared under various 

conditions, the functional groups of the catalysts were characterized by Attenuated 

Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy (Spectrum 

GX-1, Perkin Elmer). The scan was conducted in the range of 4000-650 cm-1 at 

resolution of 4 cm-1. The number of scans was set to 32. 

 

 3.6.2 Scanning electron microscopy (SEM) 

  The surface morphological characterization of all catalyst were performed 

by scanning electron microscope (SEM) (JEOL; JSM- 6460LV, Tokyo, Japan) operated 

with an accelerating voltage of 15 kV. The BFs were sputter-coated with gold for 

enhanced surface conductivity. 

 

 3.6.3 BET Surface area analyzsis (BET)  

  The BET surface area and porous structure were calculated using an 

Autosorb-1 Gas Sorption system (Quantachrome Corporation) with BET and BJH 

equation. All the samples were heated at 150 C for 2 h before the surface analysis. The 

adsorption/desorption isotherms were also obtained to estimate the type and volume of 

porous in the catalyst (microporous, mesoporous and macroporous).  
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 3.6.4 X-ray diffraction spectroscopy (XRD) 

  The X-ray diffraction profile (XRD) was also studied to obtain the 

crystalnility of the catalysts by using a D8 Advance: Bruker BioSpin AG with 2 

between 20-80.  

 

 3.6.5 Diffuse reflectance UV-vis spectroscopy 

  Diffuse reflectance UV-vis spectra of the catalysts were recorded in air at 

200-800 nm using UV-vis-NIR scanning spectrophotometer (Shimadzu/UV-3101PC 

model) to evaluate the band gap energy of the catalysts.  

 

 3.6.6 Thermogravimetric analysis (TGA) 

  Thermal decomposition behaviors of catalysts were determined by 

thermogravimetric analyzer (TGA) module was a TA Instruments/SDT Q600. The 2 - 

5 mg of sample was heated at the heating rate of 20 °C/min under nitrogen flow.  

 

 3.6.7 Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-

OES)   

  The amount of TiO2 coated on PF detected by Inductively Coupled Plasma-

Optical Emission Spectrometer (ICP-OES) module was a Perkin Elmer/Optima 

7300DV.  

 

 

3.7 Data analysis 

 - The Photocatalytic activity results in MB removal were carried out at least 

triplicate (n = 3).  

 - The data was expressed contained means and standard deviation (S.D.).  

  - Equation were used to calculate the amount of MB concentration as follows  

y =  0.1757x + 0.0239 (calibration curve) respectively. 
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CHAPTER 4 
 

RESULTS AND DISCUSSION 

 
4.1 TiO2 catalyst preparation 

 Preparation of TiO2 nano-photocatalysts was carried out by 4 methods, sol-gel 

(method 1), precipitation over CaCO3 (method 2), hydrothermal (method 3) and 

hydrolysis with autoclave annealing (method 4). After obtain the catalyst, all the 

catalyst was studied the photocatalytic activity and catalyst properties. The information 

was explained as following part. 

 

 4.1.1 Characterizations 

  4.1.1.1 X-Ray diffraction analysis 

 

 

Figure 8 XRD pattern of TiO2 powder used in geometries calcined at 450°C for 2 h. 

which contains both anatase and rutile phase.  
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  XRD pattern of TiO2 which expresses both anatase and rutile phase is shown 

in Fig. 8. This spectrum belongs to TiO2 particles calcined at 450°C. The XRD pattern 

shows a crystalline structure of the anatase phase due to the existence of the 

distinguished peaks at 2θ of about 25.4°, 37.8°, 48.0°, and 53.7°, which correspond to 

the indices of (101), (103), (200), and (105) diffraction planes of the anatase TiO2, 

respectively. Also, the existence of the distinguished peaks at 2θ of about 27.5°, 36.1°, 

49.2°, and 44.0°, which correspond to the indices of (110), (101), (111), and (210) 

diffraction planes respectively, indicates the formation of the rutile TiO2 [95]. 

 

Figure 9 The XRD pattern of P25 and TiO2 with different 4 methods. 
 

 The X-ray diffraction technique was used to study the phase composition and 

grain size of the samples. Figure 9 shows the X-ray diffraction pattern of the prepared 

powder synthesized by different 4 methods and compare with commercial TiO2 (P25). 

The XRD pattern reveals that the P25 and TiO2 synthesized by method 4 clearly exhibit 

anatase phase. The characteristic diffraction peaks exhibited the major anatase phase. 

The characteristic diffraction peaks of anatase are 25.4°, 38.0°, 48 .0°, 54.7°, 63.1. The 

peak intensities and positions agree well with the expected literature values [31,63,96]. 

The TiO2 synthesized by method NO. 1 and 3 shows a crystalline structure of the rutile 
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phase at 27.5°, 44.0°, 49.2° and also the peak of anatase at 200°C. Therefore, the sample 

synthesized by methods 1 and 3 consists of both anatase and rutile phases.  

 Interestingly, the broad peaks of the sample synthesized by methods 2 was 

found that powder sample existed in an amorphous state. It has to be further identifying 

that it contains only TiO2 or TiO2 based compound. 

 

 4.1.1.2 Surface morphological analysis 

 

Figure 10 The surface morphological of various TiO2 powder prepare from 4 different 

methods, (a) method 1, (b) method 2, (c) method 3 and (d) method 4. 

 

 Inspection of the morphology of TiO2 powder synthesized by different 4 methods 

was carried out using SEM. The shape of TiO2 powder synthesized by method 2 (Fig.10 

(b)) was good spherical in shape, which is quite abnormal for TiO2 compound. 

However, the investigation of the composition will be studied by XPS in the next part. 

The morphology of TiO2 prepared by method 3 (Fig.4.3 (c)) consists of aggregated 

spherical particles originating clusters of TiO2 particles as found in work of Totka 
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Bakalova and co-worker, 2016 [132-134]. Catalysts sample prepared by methods 1 and 

4 shows in Figure 4.3 (a) and 4.3 (d) had irregular morphology of block or flake with 

smooth surface, which possess block or flake of TiO2 particles as found in work of Ritu 

Vershney and co-worker, 2018 [42,66,67]. 

 

 4.1.1.3 Surface area analysis 

 

Figure 11 Nitrogen adsorption-desorption isotherm of P25 and TiO2 with 4 different 

methods. 

 The nitrogen adsorption-desorption isotherms of pure TiO2 (P25) and TiO2 

powder catalysts synthesized with 4 different methods were compared in Figure 11. 

The hysteresis loops were obtained which indicated the microporous materials. The 

BET surface area of the commercial TiO2 (P25) and TiO2 powder synthesized with 

different 4 methods was clearly shows the TiO2 powder synthesized by 4 methods 

exhibited the specific surface area higher than P25 (3.5 m2/g). It is interesting that the 

specific surface of the TiO2 powder synthesized by method 4 increased up to 338.8 

m2/g, showed very high surface area when compared with others methods (exhibited 

specific surface  100.8, 6.1 and 16.9 m2/g, respectively, for method 1, 2 and 3). 



 44 

 4.1.1.4 Functional group analysis 

 

Figure 12 The FTIR spectra of P25 and TiO2 over prepared from different methods. 
 

 The FTIR spectra were recorded to identify the functional groups of the 

prepared catalysts. Figure 12 shows the ATR-FTIR spectra of P25 and TiO2 powder 

prepared with 4 different methods. The characteristic absorption bands of the TiO2 

spectra of all sample correspond to the vibration of C-OH groups situated around 

3,000–3,500 cm−1, O-H bond of hydroxyl group at 1,500-1,600, C_OH stretching at 

around 1,300-1,370 cm−1 and stretching vibration of C_O groups at 1050 cm−1 but not 

found in sample from method 4. The C=O carbonyl groups at 1720 cm−1 was found in 

P25 sample only [10,65,96,97]. The ATR spectra of bare TiO2 show a common 

characteristic band, typical peak of the TiO2 material corresponding to Ti_O_Ti bonds 

at 800-950 cm−1 [65]. It is interesting to note that the intensity of the peak in the sample 

from method 3 which associated to stretching vibration of C_O groups significant 

higher than other samples. 

 

 



 45 

 4.1.1.5 Ban gab energy analysis 

 

 

Figure 13 a) UV-vis diffuse reflectance spectrum b) spectrum curves of Kubelka-Munk 

function as the vertical axis and plotted against the photo energy of TiO2 synthesized 

from method 4.  

 

 Figure 13 a) showed UV-vis diffuse reflectance spectrum, the absorption 

spectrum clearly indicates that the optical absorbance of TiO2 synthesized from method 

4 is in the ultraviolet region. Figure (b) shown spectrum curves of Kubelka-Munk 

function as the vertical axis and plotted against the photo energy of TiO2 powder in 

method 4. The calculated band gap energy of pure TiO2 is 3.2 eV, it is close with TiO2 

commercial (P25) had estimated band gaps of 3.25 eV [135, 136]. It can be seen that 

TiO2 synthesized from method 4 was strong absorptions in the ultraviolet region. Which 

is normal property of pore TiO2 [67,68]. 
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4.1.1.6 XPS analysis 

 

Figure 14 XPS spectra of Ti element on various TiO2 powder prepare from different 

methods, (a) P25, (b) method 1, (c) method 3, (d) method 4 and (e) and (f) intensity of 

Ti4+ and Ti0 in various materials, respectively.  

 

 The surface element of powder sample prepared from different method 1, 3 and 

4 were identified by XPS spectra. The analysis of metal Ti oxidation state in the various 

catalysts was showed in Figure 14 (a) - (d). The XPS results exhibited clearly that Ti 

elements appear in the TiO2 synthesized from method 1, 3 and 4 but not found in 
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method 2. The Ti 2p spectrum shows at region about 457-467 eV. Figure 14 (a) - (d) 

shows the XPS core level of Ti 2p composed of Ti 2p3/2 centered appeared at about 

458 eV and Ti 2p1/2 appeared at about 464 eV in P25, method 1, 3 and 4, respectively 

[69]. These peaks attribute to the Ti4+ presence. Figure 14 (b) and (c) show XPS peak 

of TiO2 catalyst from method 1 and 3, respectively. The amount of Ti4+ regarded to the 

peak area and the comparison of Ti4+ amount in each sample was exhibited in Figure 

14 (e). Comparing the peak area of Ti4+ between TiO2 from method 1, 3 and 4 as shows 

in figure 14 (e). The peak area of method 4 higher than method 1 and 3, respectively, 

which means that the Ti4+ level present in method 4 sample higher than method 1 and 

3 sample. These peak appeared at about 460 eV with assigned to the present of Ti0. For 

the comparing the peak area of Ti0 between TiO2 from method 1 and 3 as shows in 

figure 14 (f).It showed that sample from method 1 exhibited more Ti0 amount than 

sample from method 3. 

However, the surface element of powder prepared from methods 2 exhibited 

the absent of Ti elements. In contrast, the XPS signal shows the spectrum at region 

102.80 eV which related to Si 2p of SiO2 this could be come from then the Tetraethyl 

orthosilicate (TEOS) which used as the reactant in method 2. It is corresponding with 

the good spherical in shape of SiO2 from SEM result in figure 10 (b) in the previous 

part. It could be concluded that the TiO2 could not be formed by method 2 whereas SiO2 

was form instead. Therefore, in the part of photo activity this powder was excluded. 
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4.1.2 Catalytic activity 

  4.1.2.1 Paraquat degradation  

 

Figure 15 (a) Effect of maximum intensity of Ti4+ on PQ photoactivity, (b) Effect of 

maximum intensity of Ti0 on PQ photoactivity, (c) Effect of surface area on PQ 

photoactivity and (d) The photo PQ degradation under UV irradiation using various 

TiO2 powder prepare from different 4 methods. 

 

Figure 15 (a), (b) and (c) shows the trend of the photoactivity, amount of Ti4+, 

Ti0 and surface area found in each sample, respectively. From the results shows that the 

% PQ removal increased when the maximum intensity of Ti4+ and surface area of 

samples increased. It should be mention that the trend of Ti0 and the PQ activity was 

not correlated as show in figure 4.8 (b). It clearly that the Ti0 is not the factor to express 

the activity like the amount of Ti4+.  From figure 4.8 can be concluded that the amount 

of Ti4+ and surface area was the key factor to own the photo-activity of catalysts. TiO2 

catalyst from mehod 4 shows both of the highest maximum intensity of Ti4+, surface 



 49 

area and %PQ removal. However, the sample from mehod 2 was not compared here 

because the sample is SiO2 compound confirmed from XRD and SEM result. 

 All the prepared catalysts were then used as the catalyst in the degradation of 

paraquat and the residual of paraquat was monitored using voltammetry technique. 

Figure 15 (c) shows the % removal of paraquat over various TiO2 compound compared 

with commercial TiO2 P25 (using catalyst content at 2 g/l and the reaction time was 2 

hours to ensure the maximum catalyst performance was achieved). The result showed 

clearly that the TiO2 synthesize from method 4 exhibited the highest photoactivity in 

paraquat degradation. The order of photoactivity related to the order of surface area and 

the Ti4+ content. To investigate that which parameter between surface area and Ti4+ 

content played more effect to the expressed activity, the figure 15 (a) and (b) was 

plotted. 
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 4.1.2.3 Methylene blue degradation  

 

Figure 16 (a) Effect of maximum intensity of Ti4+ on MB photoactivity, (a) Effect of 

maximum intensity of Ti0 on MB photoactivity, (c) Effect of surface area on MB 

photoactivity and (d) The photo MB degradation under UV irradiation using various 

TiO2 powder prepare from different 4 methods. 

 

 Figure 16 (a), (b) and (c) shows the trend of the photoactivity, amount of Ti4+, 

Ti0 and surface area found in each sample, respectively. From the results shows that the 

% MB removal increased when the maximum intensity of Ti4+ and surface area of 

samples increased, indicated that the trend of Ti0 and the MB activity was not correlated 

as show in figure 16 (b). It clearly that the Ti0 is not the factor to express the activity 

but Ti4+ and surface area was the key factor to own the photo-activity of catalysts. TiO2 

catalyst from mehod 4 shows both of the highest maximum intensity of Ti4+, surface 

area and %MB removal. 

 For the methylene blue (MB) degradation of TiO2 powder preparation from 

difference 4 methods compared with commercial TiO2 P25 showed in Figure 16. This 

process operated by using catalyst content at 2 g/l and the reaction time was 2 hours. 
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The residual of MB was monitored using UV-Vis spectrometer technique at 664 nm. 

The result showed clearly that the TiO2 particle synthesize from method 4 exhibited 

highest photoactivity of MB degradation compared with other methods in the same as 

result of PQ degradation.  

 

 4.1.2.5 Methyl orange degradation 

 

Figure 17 (a) Effect of maximum intensity of Ti4+ on MO photoactivity, (b) Effect of 

maximum intensity of Ti0 on MO photoactivity, (c) Effect of surface area on MB 

photoactivity and (d) The photo MO degradation under UV irradiation using various 

TiO2 powder prepare from different 4 methods. 

 Figure 17 (a), (b) and (c) shows the trend of the photoactivity, amount of Ti4+, 

Ti0 and surface area found in each sample, respectively. From the results shows that the 

% MO removal increased when the maximum intensity of Ti4+ and surface area of 

samples increased. It should be mention that the trend of Ti0 and the MO activity was 

not correlated as show in figure 17 (b). It clearly that the Ti0 is not the factor to express 

the activity like the amount of Ti4+.  From figure 4.10 can be concluded that the amount 
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of Ti4+ and surface area was the key factor to own the photo-activity of catalysts. TiO2 

catalyst from mehod 4 shows both of the highest maximum intensity of Ti4+, surface 

area and %MO removal. 

 For the methyl orange (MO) degradation of TiO2 powder preparation from 

difference 4 methods compared with commercial TiO2 P25 show in Figure 17. This 

process operated by using catalyst content at 2 g/l and the reaction time was 2 hours 

under UV irradiation to ensure the maximum catalyst performance was achieved. The 

residual of MO was monitored using UV-Vis spectrometer technique at 464 nm. The 

result show clearly that the TiO2 particle synthesize from method 4 exhibit highest 

photo activity of MO degradation compared with other methods in the same as PQ and 

MB degradation. 
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 4.1.2.7 Photo degradation 

 

Figure 18 (a) Effect of maximum intensity of Ti4+ on photoactivity, (b) Effect of 

maximum intensity of Ti0 on photoactivity, (c) Effect of surface area on photoactivity 

and (d) The photo degradation under UV irradiation using various TiO2 powder 

prepare from different 4 methods. 

 Figure 18 shows the trend of the photoactivity, surface area and amount of Ti4+ 

found in each sample. From the results shows that the % organic compound removal 

(PQ, MB and MO) tend to increased when the maximum intensity of Ti4+ and surface 

area increased.  

 Normally, the photoactivity of catalyst is corresponding with the high of 

surface area of catalyst as shows in figure 12. It is indicated that the surface area was 

the factor to own the photo-activity of catalysts. However, the photo-activity of catalyst 

increase not significant related to the surface area increased in the same negativity. 

From the result of XPS analysis in figure 18, the amount of Ti4+ also was the factor own 

the photo-activity of catalysts. Therefore, the surface area and Ti4+ level were the factor 

own the photoactivity. 
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 For the photodegradation of paraquat (PQ), methylene blue (MB) and methyl 

orange (MO) using TiO2 powder preparation from difference 4 methods compared with 

commercial TiO2 P25 under UV irradiation 2 h. show that in Figure 18. The result 

showed clearly that the TiO2 particle synthesize from method 4 exhibited highest photo 

activity of organic solution as PQ, MB and MO degradation when compared with P25 

and other methods. The best photoactivity confirm that the highest specific surface area 

at 338.8 m2/g of method 4. The result seen that TiO2 synthesized from method 4 can be 

used degradation of other organic compounds due to around surface of catalyst have 

various active site in nature due to MB and PQ is cationic dye and MO is anionic dye. 

Moreover, TiO2 catalyst from method 4 can capture the both systems. This reasons 

confirm that TiO2 catalyst from method 4 is good catalyst because it is can adsorb both 

of cationic and anionic compound. 
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4.2 Application of TiO2 deposited on pineapple fibers (PF) 

  The TiO2 loading to pineapple fibers were prepared by mix PF and TTIP in 

optimum method from the previous part. The ratio of TiO2: PF was 1:10, 1:5, 1:1 and 

2:1. 

 

 4.2.1 Characterizations 

  4.2.1.1 X-Ray diffraction analysis 

 

Figure 19 The XRD pattern of pure TiO2 and TiO2:PF with difference ratio. 

  

 Figure 19 showed the XRD patterns of the pure fiber, pure TiO2 and the TiO2 

composited on fibers with difference ratio of TiO2:PF as 1:10, 1:5, 1:1 and 2:1. The 

peaks at 2θ = 12.1, 20.3, and 21.8° are corresponding to the (110), (110), and (200) 

which are the planes of cellulose crystalline, respectively [113]. The peaks at 2θ = 25.4°, 

38.0°, 48.0°, 54.7°, 63.1° are corresponding to the (101), (004), (200), (105) and (204) 

which are the planes of anatase phase of TiO2, respectively [33,45,67]. For the TiO2 

composited on fibers, to study the crystalline structure of absorbed nano TiO2 on fibers, 

the XRD pattern of pure nano TiO2 and nano TiO2-treated sample were recorded. It can 
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be observed that the major peak of the spectrum of pure nano TiO2 is anatase. The 

anatase phase for the sample increase when the amount of TiO2 loading increased, 

reaching to the interesting of peak at 25.4°. 

 

 4.2.1.2 Surface morphological analysis 

 

 

Figure 20 The SEM image of a) virgin fiber, b) fibers after calcination and c) pure 

TiO2. 
 

 Figure 20 illustrates the SEM image of pure TiO2 and pure fibers before and after 

calcination. From the figure 20 a) and 20 b) are comparison between virgin fiber and 

calcined fiber, respectively, indicated that the sample of virgin fiber destroyed by 

calcination and after calcination the surface of fiber smoother than before calcination. 

Figure 20 c) show the morphology of pure TiO2 synthesized from method 4 consisted 

of aggregated spherical particles originating cluster of TiO2 particles. 
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Figure 21 The SEM image of TiO2:PF with different ratio a) 1:10, b) 1:5, c) 1:1, d) 

2:1. 

 

 Figure 21 shows the SEM images of TiO2 composited on fibers with difference 

ratio of TiO2:PF as 1:10, 1:5, 1:1 and 2:1. These all sample images show that nano TiO2 

particles were applied on fiber by the dipping process, but their distribution on fiber 

surface was not quite even, which is due to the aggregation of some nano TiO2 particles. 

For the sample prepared ratio 2:1 TiO2:PF demonstrated TiO2 particles coated on the 

fiber more than other ratio of TiO2:PF. 
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 4.2.1.3 SEM EDX analysis 

 

Figure 22 SEM-EDX of 2:1 TiO2:PF. 

 

 Energy dispersive X-ray (EDX) analysis of the 2:1 TiO2:PF showed in Fig. 22 

The EDX spectrum (Fig. 22a) indicated prominent signals of C, O and Ti elements. The 

C signal should be from the carbon fiber on cellulose fibers. For the Ti and O signal 

should be from the TiO2 powder deposited on cellulose fibers. These confirmed two 

elements of O and Ti are detected on the surface. The element distribution in the TiO2 

on fibers was further certified by the elemental mapping recorded from Figure 22 b) – 

d). The elemental mappings showed in Figure 4.16 b) – d) reveal the distributions of C, 

Ti and O in the TiO2:PF.  
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  4.2.1.4 Surface area analysis 

Table 5 Physicochemical properties of catalysts. 

Catalyst 

Calcination 

temperature 

(°C) 

BET surface area 

(m2/g) 

Pore volume 

(mL/g) 

Average pore size 

(Å) 

Pure PF 200 0.113 0.007 1204.543 

1:10 TiO2:PF 200 1.792 0.009 28.140 

1:5 TiO2:PF 200 32.765 0.080 19.140 

1:1 TiO2:PF 200 60.490 0.125 19.123 

2:1 TiO2:PF 200 51.152 0.108 19.095 

Pure TiO2 200 259.556 0.330 17.097 

 

 Table 5 showed specific surface area, pore volume and average pore size of pure 

FB, pure TiO2 and TiO2:PF with difference ratio. From the results, it can be seen that 

the surface area of samples tend to increase when increase amount of TiO2 loading on 

fibers. The TiO2:PF in ratio 1:1 and 2:1 indicated that the surface area of both sample 

not difference. The pure TiO2 showed highest surface area of sample when compared 

with TiO2:PF sample. The pore size distribution of TiO2:PF was not different. The 

adsorption average pore volume and diameter of the TiO2:PF in ratio 1:1 and 2:1 was 

not different. 
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Figure 23 Nitrogen adsorption-desorption isotherm of pure TiO2 and TiO2:PF with 

different ratio. 

 

 The nitrogen adsorption-desorption isotherms of pure TiO2 and TiO2:PF catalysts 

synthesized with methods 4 in different ratio of TiO2:PF were compared in Figure 23. 

The hysteresis loops were obtained which suggested the microporous materials of TiO2 

composite. Moreover, the similar shape of the isotherm was established with in 

agreement to the similar surface area of TiO2 composited. The result from the isotherm 

confirmed the surface area of pure TiO2 was higher than TiO2:PF and the ratio 1:1 and 

2:1 is not difference. 
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  4.2.1.5 Functional group analysis 

 

Figure 24 The FTIR of pure FB, pure TiO2 and TiO2:PF with different ratio. 

 

 Figure 24 shows the ATR-FTIR spectra of pure TiO2, pure fiber and TiO2:PF. 

From the spectra indicated that peak at wave number about 800 cm−1 is Ti-O bond of 

TiO2 [69]. The peak at wave number about 1,000 cm−1 is C-O stretching and at wave 

number about 1,300 cm−1 and 2,700 cm−1 are peak of C-H stretching of fibers, at wave 

number about 3,000 cm−1 - 3,500 cm−1 indicate that the hydroxyl group [72,73]. For the 

1:1 and 2:1 ratio samples showed the peak of –OH broader than other samples. 
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 4.2.1.6 Ban gab energy analysis 

 

 

Figure 25 UV-vis diffuse reflectance spectra of pure TiO2 and 2:1 TiO2:PF. 

 

 Figure 25 showed UV-Vis diffuse reflectance spectra of pure TiO2 compared 

TiO2 composite as ratio 2:1 TiO2:PF. This spectra indicated that pure TiO2 is 

photoactive in UV region which is less than 400 nm. For TiO2:PF presented significant 

increase of absorption in Vis spectra range above 400 nm. The absorption spectra 

clearly indicated that the optical absorbance of TiO2 composited on fibers in Vis-light 

region was markedly enhanced, compared to pure TiO2 [44]. 
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 4.2.1.7 Thermogravimatric analysis 

 

 

 

Figure 26 DTG and TG curves of pure FB and TiO2:PF with different ratio. 

 

 The thermal decomposition of pure fiber and TiO2:PF with different ratio there 

are 1:10, 1:5, 1:1 and 2:1 TiO2:PF as showed in figure 26. The results showed all 

samples of pure fiber and TiO2:PF with different ratio exhibited a single step of 

decomposition weightless at 378C, 355C, 373C, 376C and 370C, respectively. It 

can be concluded that, the temperature of maximum decomposition of all samples was 

not difference.  From the results indicated that % weight loss of pure fibers tend to 

decrease when added amount of TiO2 on fibers.  The TG results suggested that TiO2 

powder increased thermal stability of cellulose fiber.  

  

. 
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4.2.2 Catalytic activity 

  4.2.2.1 Methylene blue removal 

 

 

Figure 27 The total MB removal under UV irradiation using pure TiO2 and different 

ratio of TiO2:PF. 

 

 The MB total removal of catalysts was occurred by photodegradation and 

adsorption process. Total MB removal of TiO2:PF with difference rather were 1:10, 

1:5, 1:1 and 2:1 under UV light irradiation for 2 hour are showed in Figure 27. The 

loaded amount of TiO2 has a significant effect on the total MB removal of the composite 

fibers. The results showed that the % of total MB removal decrease when amount of 

TiO2 loading increase, because TiO2 decrease surface adsorption of the fiber as refer to 

results of BET surface area characterization.  
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 4.2.2.2 Methylene blue adsorption study 

 

 

Figure 28 MB adsorption under dark reaction for 60 minute using pure TiO2 and 

different ratio of TiO2:PF. 

 

 Figure 28 exhibit the influence of MB removal by adsorption method, this process 

operated sampling every 15 minute by using pure fiber and TiO2 composited on fiber 

with different ratio under dark condition, only. From the result showed that MB removal 

using pure FB and 1:10 TiO2:PF is quite stable since 15 minute under testing. For others 

catalysts system, the % MB removal was increasing from 15 – 60 minutes under 

reaction and seem reached equilibrium at 60 minute. 

 After the MB concentration at 60 minutes was calculated for each catalyst, it was 

named as C0 is the initial MB concentration before photodegradation step. These C0 

values used to study the photodegradation efficiency as shown in figure 28. 
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 4.2.2.3 Methylene blue photodegradation study 

 

 

Figure 29 MB degradation under UV irradiation for 2 hour using pure TiO2 and 

different ratio of TiO2:PF. 

 

 The result from figure 29 showed experiment performed after the reaction in 

figure 4.19. The reaction is continues under the process of MB removal on 

photodegradation. When C0 is residual MB concentration under dark reaction after 60 

minute and C is residual MB concentration after 2 hour UV irradiation. The 

photocatyticactivity showed in C/C0 pattern by the low of C/C0 is means high of MB 

removal. From the result showed the TiO2 over fiber with 2:1 ratio showed highest MB 

removal efficientcy by photodegradation process. It could be seen that 2:1 ratio is the 

best component for MB removal for photo degradation. From the result confirmed that, 

this catalyst possibility to be recycle. 
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4.3 Application of crosslink molecule on TiO2 composite on pineapple fibers 

 The loaded TiO2 order to pineapple fibers were prepared by mixed FB and TTIP 

in optimum method for preparation TiO2 powder (method 4) with ratio of 2:1 TiO2:PF. 

The TiO2 composited with fibers using non crosslink named as TiO2:PF catalyst, TiO2 

composited with fibers using succinic acid as across-link named as TiO2:PF+SA were 

synthesis. Moreover, the sodium hydrogen phosphite (NaH2PO2) was added during 

preparation of TiO2:PF+SA, thus this catalyst was named as TiO2:PF+SA+Na as the 

enhancement of saccinic acid efficiency in the preparation. 

 

 4.3.1 Characterizations 

  4.3.1.1 X-Ray diffraction analysis 

 

Figure 30 XRD pattern of various TiO2:PF. 
 

 Figure 30 illustrates the X-ray patterns of pure TiO2 and TiO2 composited on 

fibers which are TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na. The XRD peaks found 

that pure TiO2 and TiO2 composited on fibers indicated the formation of only anatase 

crystalline phase. The diffraction spot ring could be index to (101), (004), (200), (105) 

and (204) crystal planes of anatase TiO2 [84,98]. For the TiO2:PF+SA+Na, it suggested 

that the TiO2 nanoparticles in the composite fibers existed in an almost amorphous state.  
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 4.3.1.2 Surface morphological analysis 

 

Figure 31 The SEM image of a) TiO2:PF, b) TiO2:PF+SA, c) TiO2:PF+SA+Na  

e) TiO2:PF after recycle and f) TiO2:PF+SA+Na after recycle. 

 Figure 31 (a-c) illustrated the SEM image of TiO2 composited on fibers a) 

TiO2:PF, b) TiO2:PF+SA and c) TiO2:PF+SA+Na. The morphology of TiO2:PF 

indicated that TiO2 particles distribution on fiber surface as show in figure a). The 

morphological of SA-treated sample showed that, the surface of the SA-treated sample 

has a higher number of nano TiO2 particles than sample TiO2:PF sample. This could be 

due the fact that more carboxylic acid groups of SA can hold more particles of nano 

TiO2. Moreover, these images show that the surface of the TiO2:PF+SA+Na showed 

the most of nano TiO2 particles deposited on fiber surface, when compared with the 

TiO2:PF+SA samples. 

 For figure 31 e) and f) showed the TiO2:PF and TiO2:PF+SA+Na after recycle 

for 3 cycles, respectively. From the results, it was found that the TiO2 particles was fall 

out from the fiber. From the figure 31 e) and f) indicated that, the TiO2:PF+SA+Na 

sample showed the more TiO2 deposition over FB surface than TiO2:PF. This result 

confirmed that succinic acid improved the interaction of TiO2 deposited on fibers. 
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 4.3.1.3 Functional group analysis 

 

 

Figure 32 ATR-FTIR spectrum of various TiO2:PF. 

 

 Figure 32 showed the ATR-FTIR spectra of pure TiO2, and TiO2 composited on 

fibers which are TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na. From the spectra, it can 

be seen that the peak at wave number about 800 cm−1 is Ti-O bond of TiO2 [116]. The 

peak at 1,000 cm−1 is C-O stretching and at 1,300 cm−1 is peak of C-H stretching of 

fibers, at 3,000 cm−1 - 3,500 cm−1 indicated that the hydroxyl group [(15,99)]. For the 

TiO2:PF+SA catalyst showed the broader peak of –OH when compared to the other 

catalysts. The C=O carbonyl groups at 1720 cm−1 was found in pure TiO2 and TiO2:PF 

only. 
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 4.3.1.4 Thermogravimatric analysis 

 

 

 

Figure 33 DTG and TG curves of various materials. 

 

The thermal decomposition of pure fiber, fiber coated succinic acid as a 

crosslink (PF+SA), for fiber coated succinic acid used NaH2PO2 as the promoter 

(PF+SA+Na). The pure fiber exhibited a single step of maximum decomposition weight 

at 378C of cellulose fibers. While both the PF+SA and PF+SA+Na exhibited two-step 

maximum decompositions weight of succinic acid and cellulose fiber at 170C, 348C 

and 200C, 348C respectively. From the results indicated that % weight loss of pure 

fibers tend to decrease when add succinic acid and NaH2PO2.  The TG results suggested 

that succinic acid and NaH2PO2 increase thermal stability of cellulose fiber. 

 

 

 

 

 



 71 

 

 

Figure 34 DTG and TG curves of various materials. 

 

 The thermal decomposition of pure TiO2, and TiO2 composited on fibers which 

are TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na. The pure fiber and TiO2:PF exhibited 

a single step of maximum decomposition weight at 378C and 370C, respectively. For 

the TiO2:PF+SA exhibited two-step decompositions weightless of succinic acid and 

cellulose fiber at 186C, 360C respectively. It is interesting that, the TiO2:PF+SA+Na 

exhibited a single step of maximum decomposition weight at 340C which is 

decomposition of fiber. This sample the peaks of decomposition of SA was not appear 

because carboxyl group of SA is occur interaction with TiO2 molecules can examined 

from scheme 1.  From the results indicated that % weight loss of TiO2:PF+SA+Na 

decrease when compared with other samples.  The TG results suggested that succinic 

acid and NaH2PO2 increase thermal stability of PF. 
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4.3.1.4 XPS analysis 

 

 

 

Figure 35 XPS spectra of Ti element on various TiO2, (a) pure TiO2, (b) TiO2:PF, (c) 

TiO2:PF+SA (d) TiO2:PF+SA+Na and (e) intensity of Ti4+ in various materials.  

 

 The surface element of pure TiO2, and TiO2 composited on fibers which are 

TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na were identified by XPS spectra. The 

analysis of metal Ti oxidation state in the various catalysts was showed in Figure 35 (a) 
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- (d). The XPS results exhibited clearly that Ti elements appear in the pure TiO2, and 

TiO2 composited on fibers. The Ti 2p spectrum shows at region about 457-467 eV. 

Figure 35 (a) - (d) shows the XPS core level of Ti 2p composed of Ti 2p3/2 centered 

appeared at about 458 eV and Ti 2p1/2 appeared at about 464 eV in all samples [30]. 

These peaks attributes to the Ti4+ presence. Indicating that the loading TiO2 on PF and 

used crosslink, the oxidation state of TiO2 synthesized from method 4 not different. In 

term of the amount of Ti4+ regarded to the peak area, the labeled of Ti in the catalyst 

name was related to the amount of Ti4+ appeared (Figure 35 (e)). Comparing the peak 

area of Ti4+ between TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na as shows in figure 35 

(e). The highest peak area as shows in TiO2:PF+SA+Na sample, which means that the 

higher Ti4+ level present in TiO2:PF+SA+Na sample than TiO2:PF and TiO2:PF+SA 

sample.  
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 4.3.2 Catalytic activity 

 

  4.3.2.1 Methylene blue removal 

 

 

Figure 36 Effect of total MB removal (first hr. in dark and another hrs. under UV 

irradiation) using various TiO2:PF. 

 

 The MB total removal of catalysts was occurred by photodegradation and 

adsorption process. Total MB removal of pure TiO2, TiO2:PF, TiO2:PF+SA and 

TiO2:PF+SA+Na under UV light irradiation for 2 hour are shown in Figure 4.26. The 

results showed that the TiO2:PF+SA+Na show highest activities for total MB removal. 

This result confirmed that succinic acid improved interaction of TiO2 deposited on 

fibers as showed in SEM results in figure 36. 

 

  

. 
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  4.3.2.2 Methylene blue adsorption study 

 

 

Figure 37 MB adsorption under dark reaction for 60 minute using various TiO2:PF. 

 

 Figure 37 exhibit the influence of MB removal by adsorption method. This 

process operating by using pure TiO2, TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na 

under dark condition for 1 hour. From the result, it was seen that MB removal of 

TiO2:PF showed highest activities for MB adsorption. After the MB concentration at 

60 minutes was calculated for each catalyst, it was named as C0 is the initial MB 

concentration before photodegradation step. These C0 values used to study the 

photodegradation efficiency as shown in figure 37. 
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  4.3.2.3 Methylene blue photo degradation 

 

 

Figure 38 Effect of MB degradation under UV irradiation of various TiO2:PF. 

 

 The result from figure 36 showed experiment performed after the reaction in 

figure 37. The reaction is continues under the process of MB removal on 

photodegradation. When C0 is residual MB concentration under dark reaction after 60 

min and C is residual MB concentration after 2 h UV irradiation. The 

photocatyticactivity showed in C/C0 pattern by the low of C/C0 is means high of MB 

removal. From the result showed the TiO2:PF+SA+Na showed highest MB removal 

efficientcy by photodegradation process. It could be seen that TiO2:PF+SA+Na is the 

best component for MB removal for photodegradation. From the result confirmed that, 

this catalyst possibility to be recycle. 

 This results can be indicated that the photodegradation efficiency of catalyst 

corresponding to amount of TiO2 deposited on the fiber. This results confirmed 

TiO2:PF+SA+Na showed the succinic acid improved interaction of TiO2 deposited on 

fibers as showed in SEM results in figure 22 e) and f) and confirm with amount of % 

Ti on catalyst with  ICP-OES technique in table 6. 
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4.3.1.4 XPS analysis and Activity of catalyst 

 

 

 

Figure 39 Effect of maximum intensity of Ti4+ on photo-activity using various TiO2 

materials. 

 

 Figure 39 shows compared the maximum intensity of Ti4+ with photo-activity of 

TiO2:PF, TiO2:PF+SA and TiO2:PF+SA+Na using MB degradation. From the results 

shows that the %MB removal increased when the maximum intensity of Ti4+ increased, 

indicated that the amount of Ti4+ effected with photo-activity of catalysts. TiO2 catalyst 

from TiO2:PF+SA+Na shows both of the highest maximum intensity of Ti4+ and %MB 

removal. From the results seen that ehe used of succinic acid can improve the TiO2 

immobilized on fiber. 
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 4.3.2.4 Recycle ability 

 

 

Figure 40 Effect of recycling on the photocatalytic degradation with 3 cycle using 

TiO2:PF+SA+Na. 

 

 The recycling used of the TiO2:PF+SA+Na. The photocatalyst up to the 3st cycle 

leading to total MB removal is showed below in Figure 40. The activity was detected 

by the photocatalyst during its recycling after 3 time as showed in TiO2:PF+SA+Na. 

For TiO2:PF+SA+Na showed the loss in the percentage of total MB removal was less 

than 50% and 10 % even after the twice and third cycle respectively. From the result 

was found that activity of catalyst decrease corresponding to the loss in the percentage 

of Ti from catalysts confirmed by ICP-OES results in table 6. 
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Figure 41 Effect of recycling on the photocatalytic degradation with 3 cycle using  

TiO2:PF+SA+Na. 

 

 The recycling used of the TiO2:PF+SA+Na. The photocatalyst up to the 3st cycle 

leading to photo MB degradation is shown in Figure 41. The activity of 

TiO2:PF+SA+Na showed the loss in total photocatalytic degradation after third cycle. 

This result confirmed that the succinic acid improved interaction of TiO2 deposited on 

fibers as showed in SEM results in figure 22 e) and f). Although the succinic acid as a 

crosslink can improved interaction of TiO2 deposited on fibers but can’t improve 

catalysts for recycles ability confirm with amount of % loss of Ti on catalyst with  ICP-

OES technique in table 6. 
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4.3.2.5 Determination of TiO2 deposited on catalyst analysis 

 

 Table 6 Results of Ti incatalyst analyses by ICP-OES. 

 

Catalyst Recycle % Recovery 

TiO2:PF fresh 18.30 

TiO2:PF 1st 8 

TiO2:PF 3rd 0 

TiO2:PF+SA+Na fresh 69.90 

TiO2:PF+SA+Na 1st 11 

TiO2:PF+SA+Na 3rd 0 

 

 The determination of Ti over fiber of each catalyst which analyze by ICP-OES. 

The recycling use of the TiO2:PF compared to TiO2:PF+SA+Na was also in attaches. 

The Ti deposited on fibers in 1st the 3rd cycle leading to total MB removal was showed 

above in Table 6. The %Recovery of fresh the TiO2:PF compared with the fresh 

TiO2:PF+SA+Na are 18.30 % and 69.90 %, respectively.  After 1st cycle, the %recovery 

of TiO2:PF and TiO2:PF+SA+Na sample decrease to 8 and 11%, respectively. This 

results showed that the loss in the percentage of Ti in crosslink sample sytem was less 

than the sample which did not used crosslink even after the twice cycle. For after 3rd 

cycle, it did not found Ti deposited on fibers in both catalyst system. The use of succinic 

acid can improve the TiO2 immobilized on fiber after reaction. 
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4.3.2.6 Connection of succinic acid to cellulose and TiO2 
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Scheme 1. Connection of succinic acid to cellulose fibers using NaH2PO2 as a inducer 

and TiO2 through using the cross-link method. 

 

 The reaction modes of cellulose with succinic acid at 180°C in the presence of 

NaH2PO2 imparts wet strength up after brief thermal curing. It was found that the 

effectiveness of such carboxylic acids increased with their functionality in the order 

succinic acid. These structurally carboxylic acids were chosen based upon their ability 

to form highly reactive cyclic anhydrides under the thermal reaction conditions of the 

curing process. The greatly increased reactivity of the in situ generated anhydride 

moiety over the parent poly functional carboxylic acids in the reaction with the 

cellulosic hydroxyl groups permits high conversion of the carboxylic acid moieties into 

ester linkages at moderate reaction temperatures and short curing times. We view the 

excellent wet-strengthening properties of succinic acid as a reflection of their ability to 

form multiple anhydrides during the curing reaction either directly. The cross-link agent 

(succinic acid) needs to have at least two free carboxylic groups to be able to bind both 

cotton and TiO2. The cross-link agent will be introduced by the formation of a covalent 

ester bond. This implies esterification of one carboxylic group of the cross-link agent 

by a hydroxyl group of cellulose. The second cross-link agent carboxylic group is meant 

to attach TiO2 by an electrostatic interaction (Scheme 1) [93,100]. 
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CHAPTER 5 
 

CONCLUSIONS 
 

 

Part1 

Preparation of TiO2 nano-photocatalysts was carried out by 4 methods, sol-gel 

(method 1), precipitation over CaCO3 (method 2), hydrothermal (method 3) and 

hydrolysis with autoclave annealing (method 4). After obtain the catalyst, all the 

catalyst was studied the photocatalytic activity and catalyst properties. The TiO2 

particle synthesize from method 4 exhibited highest photo activity of organic solution 

as PQ, MB and MO degradation when compared with P25 and other methods. The best 

photoactivity confirm that the highest specific surface area at 338.8 m2/g of method 4. 

The result seen that TiO2 synthesized from method 4 can be used degradation of other 

organic compounds. 

Part2 

 The TiO2 loading to pineapple fibers were prepared by mix PF and TTIP in 

optimum method from the previous part. The ratio of TiO2: PF was 1:10, 1:5, 1:1 and 

2:1. The TiO2 over fiber with 2:1 ratio showed highest MB removal efficientcy by 

photodegradation process. It could be seen that 2:1 ratio is the best component for MB 

removal for photo degradation. 

Part3 

 The effect of crosslink addition to TiO2 deposited over PF was studied. 

Moreover, the sodium hydrogen phosphite (NaH2PO2) was added during preparation of 

TiO2:PF+SA as the enhancement of saccinic acid efficiency in the preparation. From 

the results showed that the TiO2/FB+SA+Na showed highest activities for total MB 

removal. The result confirmed that the succinic acid improved interaction of TiO2 

deposited on fibers indicated by the photodegradation efficiency of catalyst 

corresponding to amount of TiO2 deposited on the fiber as showed in SEM results in 

figure 4.22 and confirm with amount of % Ti on catalyst with ICP-OES technique. 
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