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ชื�อวทิยานิพนธ์      การสลายสีอินดิโกค้าร์มีนโดย TiO2 ที�ตรึงบนนํ�ายางธรรมชาติ 
ผู้เขียน                   นายชวาลย ์ ศรีวงษ ์
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ปีการศึกษา            2555      
 
 

บทคดัย่อ 
                                                                             
                       นาํเสนอวธีิการแตกต่างกนั 3 วธีิ ในการเตรียมแผน่ไทเทเนียมไดออกไซด ์3 ชนิด โดยผง
ไทเทเนียมไดออกไซดไ์ดถู้กตรึงไวบ้นยาง วธีิการเหล่านี� เป็นวธีิที�ทาํไดง่้าย ราคาถูก และมี
ประสิทธิภาพ ดว้ยการใชผ้งไทเทเนียมไดออกไซดเ์ชิงการคา้ และนํ�ายางธรรมชาติ (60 %HA) เป็น
สารตั�งตน้ แผน่ยางที�ตรึงไทเทเนียมไดออกไซดท์ั�ง 3 ชนิดประกอบดว้ย (1) แผน่ยาง TiO2-

impregnated (2) แผน่ยาง TiO2-strewn และ (3) แผน่ยาง TiO2-embedded ลกัษณะเฉพาะของแผน่
ยางที�ตรึงไทเทเนียมไดออกไซดแ์ต่ละชนิดสามารถศึกษาไดจ้ากการใชเ้ทคนิค SEM/EDS และ XRD   
ผลที�ไดพ้บวา่ แผน่ยางที�ตรึงไทเทเนียมไดออกไซดแ์ต่ละชนิดมีพื�นผวิขรุขระแตกต่างกนัโดยขึ�นอยูก่บั
วธีิการเตรียม การศึกษาสมบติัการเป็นโฟโตคะตะลิสตข์องแผน่ยางที�ตรึงไทเทเนียมไดออกไซดแ์ต่ละ
ชนิดจะใชสี้ยอ้มอินดิโกค้าร์มีน (indigo carmine) เป็นตน้แบบของสียอ้มอินทรียส์ารซึ� งเป็นมลพิษ 
(organic dye pollutant) ในนํ�า ผลปรากฏวา่แผน่ยางที�ตรึงไทเทเนียมไดออกไซด์ทั�งหมดสามารถ
สลายสารละลายสียอ้มอินดิโกค้าร์มีนไดภ้ายใตก้ารฉายแสงยวู ี  นอกจากนี�ยงัไดศึ้กษาผลของ คา่พ-ี
เอส ความเขม้ขน้เริ�มตน้ของสารละลายสียอ้มอินดิโกค้าร์มีน และความเขม้ของแสงยวูทีี�ใชต่้อ
กระบวนการโฟโตคะตะลิสต ์ การเกิดปฏิกิริยาโฟโตคะตะลิสตข์องแผน่ยางที�ตรึงไทเทเนียมได
ออกไซดท์ั�งหมดเป็นปฏิกิริยาอนัดบัที� 1 ที�สาํคญัแผน่ยางที�ตรึงไทเทเนียมไดออกไซด์ทั�งหมดสามารถ
นาํกลบัคืนมาใชซ้ํ� าใหมไ่ด ้โดยประสิทธิภาพการเป็นโฟโตคะตะลิสตไ์มล่ดลงเมื�อใชเ้ป็นเวลานาน 
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ABSTRACT 

 

                       Three different methods for the preparation of three types of immobilized 

TiO2 powder on the rubber sheet are presented. These methods - simple, low cost, and 

more effective - are based on the use of commercial TiO2 powder and natural rubber 

latex (60% HA) as starting materials. The three types of immobilized TiO2 sheets 

include (1) TiO2-impregnated sheets, (2) TiO2-strewn sheets, and (3) TiO2-embedded 

sheets. The characteristics of each type of TiO2 sheets were studied by using scanning 

electron microscopy/energy dispersive X-ray spectrometer (SEM/EDS), and X-ray 

diffractometer (XRD) techniques. The studies revealed that the surface roughness of 

each sheet had different surface which depended on the preparation method. The 

photocatalytic properties of each type of TiO2 sheets were evaluated using indigo 

carmine (IC) dye as a model of organic dye pollutant in water. The results showed that 

all types of immobilized TiO2 sheets could degrade IC dye solution under UV light 

irradiation. Moreover, the effects of pH, initial concentration of IC dye solution, and the 

intensity of UV light on the photodegradation were also investigated. Kinetics of all 

types of immobilized TiO2 sheets were of the first-order reaction. Importantly, all types 

of TiO2 sheets can be recovered and reused. From our studies they could be reused with 

no decline in the photodegradation efficiency over the long-term usage.   
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THE RELEVANCE OF THE RESEARCH WORK TO THAILAND  

 

 

                        Synthetic dyes are the major industrial source of wastewater 

contaminants. The release of this colored wastewater into the eco-system is mainly the 

environmental problem. Owing to its high photocatalytic activity and stability, TiO2 is 

generally used as a photocatalyst for environmental applications. However, the 

application of powder TiO2 in wastewater treatment is limited due to (i) difficulty and 

high cost in the separation and recovery of the catalyst from suspension, (ii) non-

reusable of the catalyst, (iii) easy aggregation of the suspended particles, (iv) difficulty 

in application to continuous flow systems, and (v) possibility to cause adverse human 

health problems by the loose powder. The purpose of this thesis is to find the method to 

prepare the immobilized TiO2 sheet and use it as photocatalytic tool to solve the 

problem of wastewater. In this work, three types of immobilized TiO2 sheets were 

prepared by three different methods, using commercial TiO2 powder (Degussa P25) and 

rubber latex (60% HA) as starting materials. The photocatalyst of these immobilized 

TiO2 sheets could be used to degrade indigo carmine (IC), a model organic dye 

compound, in wastewater. The recyclability of the immobilized TiO2 sheets should be 

attractive to the water treatment industry as it helps keep the operation cost low. We 

deem that this work could be used in Thailand as a method for the destruction of 

synthetic dye pollutants in the factories before releasing wastewater into the natural 

water system. Furthermore, since rubber latex is used to make the sheets, this should be 

another way of utilizing the rubber latex which Thailand is the number one producer in 

the world.  
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CHAPTER 1 

INTRODUCTION 

 

 

1.1  Introduction 

 

                 Water contamination is caused by various sources such as industrial 

effluents, chemical spills, domestic consumes, and agricultural runoff. These effluents 

released into the rivers are highly contaminated and pose a potential environmental 

pollution (Qamar, et al., 2005). Color is usually the first contaminant to be recognized 

in wastewater which generated by using synthetic dyes in the industrials. Considering 

both discharged volumes and effluent composition, the wastewater generated by the 

textile industry is rated as one of the most polluting among all industry sectors. With the 

great variety of fibers, dyes, process aids and finishing products in use, the textile 

industry generated wastewater of great chemical complexity, diversity and volume 

(Bizani, et al., 2006). Synthetic dyes are extensively used in the textile industries 

because of their simple dyeing procedure and good stability during washing process. 

Over 10,000 dyes with an annual production over 7 × 105 metric ton worldwide are 

commercially available and it is estimated that approximately 15% of the dyestuffs are 

lost in the industrial effluents during manufacturing and processing operations. 

Synthetic dyes, classified by their chromophores, have different and stable chemical 

structures to meet various coloring requirements (Toor, et al., 2006). When, the release 

of this colored wastewater in the eco-system is a dramatic source of aesthetic pollution, 

eutrophication, and perturbation in aquatic life. Therefore, the removal of colored 

wastewater is a necessary before being released into the environment (Senthikumaar, et 

al., 2005). 

                 Traditional techniques used for color removal are filtration, adsorption 

by activated carbon (charcoal), and coagulation. Each method has few advantages and 

disadvantages. For example, the use of charcoal is technically easy but has high waste 

disposal cost. Coagulation using alums, ferric salts or limes is a low cost process, but all 

these methods have a major disadvantage of simply transferring the pollutants from one 

phase to another phase rather than destroying them and sometime the by-products may 
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be more toxic than the dye itself. Biological treatment is a proven method and cost 

effective. However, it has been reported that majority of dyes are adsorbed on the 

sludge and very long degraded times, due to the bio-recalcitrant nature of these dyes 

molecules. This leads to a search for highly effective method to degrade the dye into 

environmentally compatible products (Toor, et al., 2006).    

                        During the last two decades, heterogeneous photocatalysis has attracted 

considerable attention for the complete destruction of undesirable organic pollutants 

both in aqueous and gaseous phases with the help of solar or artificial light (Ao, et al., 

2008; Wu, et al., 2008; Qamar, et al., 2010). This technique is based on the use of UV 

irradiated semiconductors, generally titanium dioxide (TiO2) as one of the most 

promising photocatalysts due to its chemical stability, non-toxicity, inexpensiveness, 

and high efficiency in the photocatalysis process (Nagaveni, et al., 2004; Parida, et al., 

2008). Among different commercially available titanium dioxide powders Degussa P25 

shows the highest activity and it is commonly used in many kinds of photocatalytic 

reactions (Kirchnerova, et al., 2005; Byrne, et al., 2009; Qin, et al., 2009; Ohtani, et al., 

2010). However, many disadvantages of the use of TiO2 in powder form have been 

noted: (i) difficulty and high cost in the separation and recovery of the catalyst from 

suspension, (ii) non-reusable of the catalyst, (iii) easy aggregation of the suspended 

particles, (iv) difficulty in application to continuous flow systems, (v) possibility to 

cause adverse human health problems by the loose powder (Yuan, et al., 2005; Habibi, 

et al., 2007; Shi, et al., 2008; Guo, et al., 2010). To avoid the use of photocatalyst in 

powder form, several efforts have been made to coat TiO2 as films on various substrates 

such as glass (Losito, et al., 2005 ), ITO glass (Sankapal, et al., 2005), stainless steel 

(Yu, et al., 2006), plastics (Kwon, et al., 2004), and polymers (Yang, et al., 2006), as 

well as employing several techniques such as flame synthesis (Partsinis, et al., 1996), 

chemical vapor deposition (CVD) (Ding, et al., 2001), spray pyrolysis deposition 

(Weng, et al., 2005), and sol-gel dip/spin coating (Sen, et al., 2005; Yogi, et al., 2008). 

These methods, however, have some disadvantages for industrial applications, for 

instance, the chemical vapor deposition, spray pyrolysis deposition, and flame synthesis 

methods require special and rather expensive apparatus and complex procedures for the 

deposition of TiO2 film while the sol-gel dip/spin coating method needs repeated 

coating in order to get a thick film and requires high annealing temperature for 
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crystallization. In addition, the heating process precludes the fabrication of TiO2 film on 

substrates with low thermal stability such as plastics and hydrocarbon polymers (Yang, 

et al., 2006). Therefore, a simple, less expensive, and more effective method for the 

preparation of immobilized TiO2 powder is still an interesting topic under investigation 

in many laboratories including us. 

                        In this work, we focused on the preparation of immobilized TiO2 powder 

on the rubber sheet substrate by three different methods, using commercial TiO2 powder 

(Degussa P25) and rubber latex (60% HA) as starting materials. The three types of 

immobilized TiO2 sheets include (1) TiO2-impregnated sheets, (2) TiO2-strewn sheets, 

and (3) TiO2-embedded sheets. The rubber strikes our interest because of its versatility 

in daily life, available locally, and to the best of our knowledge has never been used as a 

substrate for TiO2 coating (except in our group). The effects of pH, initial concentration 

of indigo carmine (IC) dye solution, and UV light intensity were studied on the 

photocatalytic activity of each immobilized TiO2 sheets. Furthermore, the reaction 

kinetic and recycling uses of the immobilized TiO2 sheets on the photodegradation for 

IC dye solution were also presented. The recyclability of the immobilized TiO2 sheets 

should be attractive to the water treatment industry as it helps keep the operation cost 

low. The relatively low cost of the materials (photocatalyst powder and rubber latex) is 

a onetime investment and will last over a long period of uses. We hope this should have 

potential applications in environmental business.     

 

 

1.2  Review of literatures 

 

       1.2.1  Background of titanium dioxide (TiO2)                 

              Titanium dioxide (TiO2) or titania is a polymorphic compound, having three 

polymorphous structures: anatase, brookite, and rutile. These polymorphic forms of 

titanium dioxide are shown in Figure 1. Both anatase and rutile are tetragonal, 

whereas brookite is orthorhombic. In all three oxide modifications, each titanium 

atom is coordinated to six almost equidistant oxygen atoms, and each oxygen atom to 

three titanium atoms (Clark, et al., 1968). In the case of anatase, the TiO6 octahedron 

is slightly distorted, with two Ti-O bonds slightly greater than the other four, and 
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with some of the O-Ti-O bond angles deviating from 90°. The distortion is greater in 

anatase than rutile. The structures of anatase and rutile crystals have been described 

frequently in terms of chains of TiO6 octahedral having common edges. Two or four 

edges are shared in rutile and anatase, respectively. The third form of titanium 

dioxide; brookite, the inter-atomic distances and the O-Ti-O bond angles are similar 

to those of rutile and anatase. The essential difference is that there are six different 

Ti-O bonds ranging from 1.87 to 2.04 Å. Accordingly, there are 12 different O-Ti-O 

bond angles ranging from 77° to 105°. Brookite is formed by joining together the 

distorted TiO6 octahedral sharing three edges. All three oxide modifications are 

birefringent; anatase is uniaxial negative, brookite is biaxial positive and rutile is 

uniaxial positive.   

 

(a) Anatase 

 

 

 

 

 

(b) Rutile                      (c) Brookite 
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Figure 1  Crystal structures of TiO2; (a) Anatase, (b) Rutile, and (c) Brookite 

(http://ruby.colorado.edu). 

 

 

                        Titanium dioxide occurs primarily in three different forms: anatase, 

rutile, and brookite. The most common are anatase and rutile, since brookite is rather 

unstable. The brookite type cannot be used in industries because of its instability at 

room temperature. The anatase type has high photocatalytic due to appropriate energy 

gap, heat resistant, and photo-stability. It also has advantage for purification 

environmental applications such as air purification, deodorization, soil proof, 

sterilization, and water purification.  The rutile type used as a white pigments and 

outdoor applicability because of its good light resistance, high refractive index, and can 

be applied to surfaces by the use of adsorption technology without advanced skills or 

sophisticated equipment. 

                   In industry, it is well known that TiO2 pigments are produced by the 

older sulfate or newer chloride processes.  The economics of the two processes are very 

much dependent upon the raw material available. The starting materials for TiO2 

production are ilmenite and titaniferous slag in the case of the sulfate process (Figure 2) 

and leucoxene, rutile, synthetic rutile, and in the future possibly also anatase, for the 

chloride process (Figure 3) (Büchner, et al., 1989). 

 
 

 
 
 

 
 
 
 
 
 

digestion 

hydrolysis 

calcination 

H2SO4 

residue 

FeSO4 

waste acid 

tail gas 

post-treatment 

TiO2 pigments 

seed crystals 

oil, gas 

When ilmenite is used 

Titanium ore 



23 
 

 
 

 

 

Figure 2  TiO2 pigment manufactured by the sulfate process (Büchner, et al.,1989). 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3  TiO2 pigment manufactured by the chloride process (Büchner, et al., 1989).  

 

            The sulfate process was the first commercial scale technology used to 

convert ilmenite to TiO2. The process started from digestion the finely ground raw 

materials in an exothermic reaction with concentrated sulfuric acid, the digested cake 

dissolved in cold water and the residue separated off. To prevent their precipitation 

during the subsequent hydrolysis the Fe (III) ions are reduced to Fe (II) by adding a Ti 

(III) solution. Upon evaporation of the solution, the large quantities of Fe (II) sulfate 

heptahydrate are produced, when ilmenite is used, and crystallizes out. The titanium 

oxysulfate is then hydrolyzed to titanium oxyhydrate by heating the clear solution with 
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steam at 95-110oC. TiO2 seed crystals are added or formed before hydrolysis to ensure 

yields of 93-96 % TiO2 and to obtain a hydrolysis product which yields the optimum 

particle size of ca. 0.2 µm upon firing. Diluted sulfuric acid remains as “waste acid”. 

The hydrolysis product is washed, treated with a Ti (III) solution to remove adsorbed 

heavy metal ions (Fe, Cr, Mn, V) and calcined at temperature between 800-1,000oC. 

Anatase or rutile pigments can be produced in the calcination process depending upon 

the choice of additives, which determine the characteristics of the product. TiO2 

obtained in this way usually has the structure of anatase since the sulfate ions stabilize 

this modification which could not be removed during the process of washing, and it 

would benefit to the formation of anatase and the transformation temperature must take 

place at high temperature (about 1,000oC) to obtain rutile TiO2 (Yang, et al., 2002). 

            The newer chloride process offers tighter product control, less labors 

intensive, avoids the iron sulfate waste problem and, at larger scales, is cheaper to 

operate. Currently about 60% of 4 million ton of pigment produced worldwide is 

produced by this process. This process required the ilmenite to be processed to the rutile 

form (i.e. removal of the iron component to yield crude titanium dioxide (synthetic 

rutile)). The chloride process started from the reaction of chlorine with synthetic rutile 

to form raw titanium tetrachloride which is then mixed with reducing agent to convert 

impurities such as vanadium oxychloride, iron chloride to lower oxidation state 

compounds. It is then distilled yielding titanium tetrachloride in almost any required 

purity. Finally, it is combusted with pure oxygen to TiO2 and chlorine, which is reused 

in the chlorination. Usually, TiO2 prepared from this process has the mixture structure 

of anatase and rutile with the average diameter about 20 nm. For instance, the typical 

commercial formed TiO2 (anatase) made by Degussa, contains about 20-30 % rutile. 

                        Titanium dioxide is extensively used as a white permanent pigment with 

good covering power in paint, paper, printing ink, plastic, polymer and cosmetic 

products. Paints made with titanium dioxide are excellent reflectors of infrared radiation 

and are used in exterior paints. It is also used as strengthening filler in paper and 

cement. Recently, there has been increasing interest in application of nanocrystalline 

materials for catalyst, supports, ceramics, inorganic membranes, gas sensing, water 

purification, and solar energy conversion. Furthermore, photocatalysis of 

nanocrystalline titanium dioxide has a great many advantage on waste water treatment 
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such as high catalysis efficiency, energy saving, no pollution, etc. and can degrade all 

kinds of organic pollutants from water effectively. These entire merits make 

photocatalysis of water treatment and it is supposed to be used widely in the future 

(Baolong, et al., 2003).  

                        Coloration is a key factor in the commercial success of textile products, 

particularly those with high fashion content, especially garments, furnishings and 

upholstery. The business generated by the dye industry over the last two years was 

approximately US$ 22 billion, and constituted a total employment of about 1.45 million 

people. Excluding fluorescent brighteners, the dye consumption per capita is 

approximately 150 g per year, serving an average consumption of textile fiber of about 

14 kg per year per inhabitant. Despite, the high economic importance of the textile 

industry in the world, this industry is responsible for over 7 × 105 metric ton of about 

10,000 different types of dyes on pigments produced each year. During dye use among 

the several industries responsible for pollution of the aquatic ecosystems, the textile 

dyeing and printing industries are major players, around a half of a ton of these 

dyestuffs are lost per day to the environment. Approximately 200 L of water is required, 

for every kilogram of finished cotton fabric. The reactions necessary to fix these dyes to 

the fibers are not very efficient. Therefore, residual dyes, several types of chemicals and 

salts are dumped into the water and are discharged in the wastewater system. At least 

15% of those not used dyes might enter the environment through effluents from 

wastewater treatment plants (Carneiro, et al., 2004). Removal of color in wastewater 

generated by the textile industries is an issue of discussion and regulation all over the 

world. Among the relative dyes, the textile azo dyes with synthetic intermediates as 

contaminant and its degradation products have undoubtedly attracted the most attention 

with regard to high environmental impact, because of their widespread use, their 

potentiality to form toxic aromatic products (carcinogenicity and mutagenic-city 

properties) and their low removal rate during primary and secondary treatment. They 

represent about 50% of the worldwide production and correspond to an important 

source of contamination considering that a significant part of the synthetic textile dyes 

are lost in waste streams during manufacturing or processing operations. Therefore, it is 

important to develop effective wastewater remediation technologies for these 

compounds. 
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                        Various chemical and physical treatment processes are currently 

proposed for these dyes. These largely fall into the categories of direct precipitation or 

elimination by adsorption, flocculation, membrane separation, coagulation and 

chlorination. These methods have been largely incomplete and ineffective because the 

problem is not completely resolved, being required further treatment. A number of 

biological processes, such as sequenced anaerobic/aerobic digestion, have been 

proposed in the treatment of textile wastewater, but they are limited due to the fact that 

many of the dyes are xenobiotic and non-biodegradable. Alternative methods based on 

advanced oxidation processes combining ultraviolet irradiation and oxidative agents for 

dye treatment have been also investigated, but the presence of intermediates arising 

from the photodegradation reaction could be more harmful than the pollutant itself. 

                        In recent years attention has been focused on heterogeneous 

photocatalysis for the treatment of recalcitrant chemical present in the wastewater. 

Among these heterogeneous photocatalysis in the presence of irradiated semiconductors 

(TiO2, WO3, SnO2, ZnO, CdS, and others), TiO2 has been successfully used to 

decolorize and mineralize many organic pollutants including several dyes and their 

intermediates present in aqueous systems using both artificial light and under sunlight 

using solar technology (Muruganandham, et al., 2005). TiO2 is the most widely used 

photocatalyst because of its good activity, chemical stability, commercial availability 

and inexpensiveness. It is generally used as a photocatalyst for environmental 

applications such as air purification, water disinfection, hazardous waste remediation 

and water purification (Nagaveni, et al., 2004). The efficiency of advanced oxidation 

processes for degradation of recalcitrant compounds has been extensively documented. 

Photochemical processes are used to degrade toxic organic compounds to CO2 and H2O 

without the use of additional chemical oxidants, because the degradation is assisted by 

high concentrations of hydroxyl radicals (OH•) generated in the process. In this case, 

the photoexcitation of TiO2 particles promotes an electron from the valence band to the 

conduction band, generating an electron (eCB
-)/hole (hVB

+) pair. Both reductive and 

oxidative processes can occur at or near the surface of the photoexcited TiO2 particle. In 

general, oxygen is used to scavenge the conduction band electron, producing a 

superoxide anion radical (O2
•-), effectively preventing electron (eCB

-)/hole (hVB
+) 

recombination, and prolonging the lifetime of the hole. The photogenerated hole has the 
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potential to oxidize several substrates by electron transfer. In aqueous solutions, 

oxidation of water to hydroxyl radical (OH•) by the photogenerated hole appears to be 

the predominant pathway. Hydroxyl radicals (OH•) and, to a lesser extent, superoxide 

anion can act as oxidants, ultimately leading to the mineralization of organic 

compounds (Gomes de Moraes, et al., 2000).  

                        The mineralization of most of the organic pollutants could be degraded 

following the usually proposed mechanism (Eqs.1-9); for the heterogeneous 

photocatalytic oxidation processes as shown in Figure 4. 

 

 

 

Figure 4  The heterogeneous photocatalytic oxidation processes of titanium dioxide  

photocatalyst (http://photochemistryportal.net).   

 

1. Absorption of efficient photons (hν > Eg = 3.2 eV) by titanium dioxide 

                  TiO2  +  hν  → eCB
-  +  hVB

+                     ......(1) 

2. Oxygen ionosorption (first step of oxygen reduction; oxidation state of oxygen 

     changes from 0 to -1/2) 

        (O2)ads  +  eCB
-   →  O2

•-                                 .......(2) 

3. Neutralization of OH- groups by photoholes which produces OH• radicals 
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        (H2O ↔ H+  +  OH-) ads  +  hVB
+  →  H+ + OH•                               .......(3) 

4. Neutralization of O2
•- by protons 

                    O2
•-  +   H+        →     HO2

•                   ........(4) 

5. Transient hydrogen peroxide formation and dismutation of oxygen 

                     2 HO2
•    →   H2O2   +   O2                  .........(5) 

6. Decomposition of H2O2 and second reduction of oxygen 

                     H2O2  +  e-    →   OH•  +  OH-                             ........(6) 

7. Oxidation of the organic reactant via successive attacks by OH• radicals 

                     R  +  OH•   →  R•  +  H2O                    ......(7) 

8. Direct oxidation by reaction with holes 

                     R   +   h+    →   R+•  →  degradation products                            .......(8) 

 

                        As an example of the last process, holes can react directly with 

carboxylic acid generating CO2: 

                     RCOO-  +   h+    →   R•  +  CO2                              .......(9) 

 

                        In the field of TiO2 photocatalytic reactions, the commercial TiO2 

powder called “Degussa P25” has been used as a standard material (Ohno, et al., 2001). 

Because the P25 powder shows better activity for many kinds of photocatalytic 

reactions, it has been used in many studies. The better photocatalytic activity of 

Degussa P25 could be explained on the basis of the fact that P25 being consists of small 

nano-crystallite of rutile disperses within an anatase phases TiO2 matrix. Each of these 

matrix surface and interface factors increases the possibility of a chemical reaction by 

the photo-generated holes and electrons. The principal hypothesis to justify the 

enhanced activity of mixed phases, relative to pure phases, suggests the transfer of 

photo-generated electrons from anatase (3.2 eV) to a lower energy rutile (3.0 eV) 

electron trapping site. This electron transfer reduces the recombination rate of anatase 

by increasing the separation between the electron and hole, resulting in greater catalytic 

reactivity of TiO2 Degussa P25 (Deanna, et al., 2003; Hurum, et al., 2006; Luis, et al 

2011). The possible process of electron transfer in the photocatalytic reaction of 

Degussa P25 is shown in Figure 5. In this research work, the commercial TiO2 Degussa 

P25 power (Degussa P25; 80% anatase and 20% rutile; specific surface area 50 m2/g; 
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and mean particle sizes of 30 nm) was obtained from Degussa AG, Frankfurt, Germany 

(Toor, et al., 2006; Yu, et al., 2008).  

 

 

 

 

Figure 5  Possible process of electron transfer in the photocatalytic reaction of Degussa 

P25(Deanna, et al., 2003; Hurum, et al., 2006; Luis, et al 2011).  

 

                        There are many studies on photocatalytic degradation of organic dye 

pollutants by Degussa P25 and other TiO2 powder catalysts. Ding, et al., (2000) 

prepared a series of TiO2 samples with different anatase-to-rutile ratios, and studied the 

roles of the two crystallite phase of TiO2 on the photocatalytic activity in oxidation of 

phenol in aqueous solution. It was shown that samples with higher anatase-to-rutile 

ratios had higher activities for phenol degradation. Houas, et al., (2001) investigated the 

TiO2/UV photocatalytic degradation of MB in aqueous solution. They showed that 

photocatalysis could decontaminate colored used-waters by converting organic 

pollutants to CO2 and water without heating nor using high pressure of oxygen nor 

requiring chemical reactants or additives. These results suggested that TiO2/UV 

photocatalysis might be envisaged as a method for treatment of diluted wastewater in 

textile industries. Chiang, et al., (2002) synthesized Cu (II) oxide loaded onto the 

surface of Degussa P25 TiO2 particles by photodecomposition. It was found that the rate 

of photooxidation of cyanide assisted with the doped catalyst was improved slightly at 

0.10 wt% of Cu. Any further increase of the copper dopant concentration decreased the 

oxidation rate remarkably. The decrease in the activity was explained in terms of the 
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competition reaction of Cu (II) cyanide complex ions for surface hydroxyl radical. In all 

cases cyanide was being oxidized to cyanate, the end product of cyanide 

photooxidation. Tsuji, et al., (2003) reported that the modification of rutile TiO2 by Ag 

negative-ion implantation found Ag nanoparticles formed in the surface layer of rutile. 

The photocatalytic efficiencies for Ag-implanted titania were evaluated by means of 

decolorization of methylene blue solution under fluorescent light. Ag-implanted rutile 

after annealing at 500 oC showed the better photocatalytic efficiency 2.2 times higher 

than that of unimplanted rutile titania. In the evaluation under fluorescent light through 

UV-cut filters, the Ag-implanted rutile showed 6.7 times better efficiency. Nagaveni, et 

al., (2004) investigated the solar photocatalytic degradation of various dyes such as 

methylene blue (MB), remazol brill blue R (RBBR) and orange G (OG) over 

combustion synthesized nano TiO2 and the activity was compared with that of 

commercial Degussa P-25 TiO2 under similar conditions. The effect of catalyst loading, 

initial concentration of the dye and the deactivation studies of the catalysts were also 

investigated. The initial degradation rates with combustion synthesized nano TiO2 was 

20 times higher for RBBR, 4 times higher for MB and 1.6 times higher for OG, 

compared to Degussa P-25 TiO2. The enhanced photocatalytic of combustion 

synthesized catalyst is attributed to the crystallinity, nano-size, large amount of surface 

hydroxyl species and reduced band-gap. Wu, et al., (2004) synthesized vanadium doped 

TiO2 catalysts by sol-gel method. The results showed that the increase of vanadium 

doping promoted the particle growth, and enhanced red-shift in the UV-Vis absorption 

spectra. The photocatalytic activity was evaluated by the degradation of crystal violet 

(CV) and methylene blue (MB) under visible light irradiation. The degradation rate of 

CV and MB on V-doped TiO2 were higher than those of pure TiO2. Faisal, et al., (2005) 

investigated the photocatalytic degradation of two selected dyes, such as Acridine 

Orange (1) and Ethidium Bromide (2) in aqueous suspension of titanium dioxide (TiO2) 

under a variety of conditions, which is essential for application point of view. The 

photocatalyst, Degussa P25, was found to be more efficient for the photocatalytic 

degradation of dye derivative (1) and (2). The dye derivative (1) was degraded faster as 

compared to the dye derivative (2). Muruganandham, et al., (2005) investigated the 

photocatalytic decolorization and degradation of an azo dye Reactive Yellow 14 (RY14) 

in aqueous solution with TiO2-P25 (Degussa) as photocatalyst in slurry using solar light. 
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The study on the effect of various photocatalysts on the decolorization and degradation 

reveals the following order of reactivity: ZnO > TiO2-P25 > TiO2 (anatase). CdS, Fe2O3 

and SnO2 have negligible activity on RY14 decolourization and degradation. Qamar, et 

al., (2005) investigated the photocatalytic degradation of two selected dye derivatives, 

chromotrope 2B (1) and amido black 10B (2) in aqueous suspension of titanium dioxide 

under a variety of conditions which is essential from an application point of view. The 

photocatalyst Degussa P25 was found to be more efficient as compared with other 

catalysts. The dye derivative (1) was found to be degraded faster than the dye derivative 

(2). Sameiro, et al., (2005) investigated the photocatalytic degradation of the 

commercial azo dye C.I. Reactive Orange 4 in its reactive and hydrolysed, using 

commercial samples of TiO2 as a photocatalyst. With UV light, aqueous solutions 

containing only dye and no dye-bath additives are decolorized slightly more rapidly 

with Riedel-de-Haen TiO2 than with Degussa P-25 TiO2. Senthilkumaar, et al., (2005) 

prepared nanocrystalline pure anatase titania by sol-gel process at room temperature 

followed by ultra-sonication (Ti-US). The photocatalytic activity of Ti-US has 

evaluated by the degradation of textile dye, Methylene Blue in the presence and absence 

of common inorganic salts (NO3
-, C2O4

2-, SO4
2-, and citrate). It was observed that, in the 

presence of anions, the degradation of the dye increase significantly. The photocatalytic 

rate of methylene blue increased in the presence of hydrogen peroxide (H2O2). 

Senthilkumaar, et al., (2005) prepared nanostructured TiO2 ultrafine powder (Ti-SG) 

100% anatase phase by sol-gel method was used as a photocatalyst in the decomposition 

reaction of a basic dye, Crystal Violet (CV) in water under UV light irradiation. From 

the experimental results, sol-gel derived TiO2 (Ti-SG) showed higher photocatalytic 

activity than commercially available TiO2 (Degussa P-25) for the degradation of CV. 

Bizani, et al., (2006) investigated the photocatalytic degradation of two commercial azo 

dyes in the presence of TiO2 suspensions as photocatalyst. The photodegradation of the 

dyes follows pseudo-first order kinetics according to Langmuir-Hinshelwood model. 

Silva, et al., (2006) investigated the degradation of three commercially available textile 

azo dyes, Solophenyl Green BLE 155% (SG), Erionyl Red B (ER) and Chromotrope 2R 

(C2R) by using photochemical and photocatalytic process under UV irradiation. The 

photocatalytic process, using either slurry of Degussa P-25 TiO2 or a biphasic mixture 

of TiO2 and activated carbon (AC), more effectively bleaches heavier colored solutions. 
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Toor, et al., (2006) investigated the adsorption and photocatalytic degradation of diazo 

Direct Yellow 12 (Chrysophenine G), commonly used as a cotton, paper and leather in 

aqueous suspension of semiconductor oxide TiO2 as photocatalyst in a non- 

concentrating shallow pond slurry type reactor under UV light. The photodegradation of 

dye on the semiconductor showed dependence effects of initial concentration of dye, 

catalyst loading, pH and addition of oxidant. The disappearance of the organic molecule 

followed approximately a pseudo-first kinetic order according to the Langmuir-

Hinshelwood model. Faisal, et al., (2007) investigated the photocatalytic degradation of 

two selected dyes, Acridine (1), and Ethidium (2) using TiO2 under a variety of 

condition, which is essential from application point of view. It can be found that the 

photocatalyst, Degussa P25, has high efficient for the photocatalytic degradation of dye 

derivatives (1) and (2). The dye derivative (1) was found to degrade faster as compared 

to the dye derivative (2). Tian, et al., (2007) prepared Au/TiO2 photocatalyst by water 

washing (W) and rotary evaporation (E), then study their photodegradation of methyl 

orange (MO). The results showed that the photocatalytic activity of Au/TiO2 

photocatalyst is related to the preparation process, with a similar gold loading, the 

photocatalyst prepared by water washing showed higher photocatalytic activity 

compared to the catalyst prepared by rotary evaporation. Baran, et al., (2008) studied 

the correlation between the adsorption of the various cationic and anionic dye solution 

exposed UV irradiation and their photocatalytic degradation in solution. It can be seen 

that only cationic dyes can adsorbed on the surface of photocatalyst; simultaneously, 

their photocatalytic degradation is faster than the degradation of anionic dyes. Ishibai, et 

al., (2008) prepared nano-sized TiO2 photocatalysts by hydrolysis of TiCl4 followed by 

calcination at different temperatures. It can be observed that the photocatalytic activity 

of TiO2 powder clearly decreased with increasing calcination temperature. Parida, et al., 

(2008) prepared hydrated titania by a sol-gel method and then promoted with different 

weight percentages of sulfate by an incipient wetness impregnation method. It was 

found that at 2.5 wt% sulfate loading, the average percentage of photodegradation of 

methyl orange was nearly two times than that of the neat TiO2. The photocatalytic 

degradation followed first-order kinetics. Li, et al., (2009) prepared nano-anatase TiO2 

of high crystallinity by a novel simple route at a temperature of 100 °C under mild 

condition. The photocatalytic activity of the prepared photocatalyst was evaluated by 
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the photodegradation of formaldehyde in aqueous solution and compared with the 

commercial photocatalyst, namely, Degussa P25. The result showed that the sample 

prepared at low temperature showed photocatalytic activity. The activity of the sample 

prepared at 120 °C was high and close to the sample calcined at 300 °C for 2 h. The 

degradation of formaldehyde by the highest active sample (calcined at 400 °C for 1 h) 

could almost achieve 100% within 80 min, which exhibited much higher photocatalytic 

activity than Degussa P25. Wang, et al., (2009) synthesized nano-sized multi-walled 

carbon nanotubes (MWCNTs)/TiO2 composite and neat TiO2 photocatalysts by sol–gel 

technique using tetrabutyl titanate as a precursor. The samples were evaluated for their 

photocatalytic activity towards the degradation of 2,4-dinitrophenol (DNP) under solar 

irradiation. The results indicated that the addition of an appropriate amount of 

MWCNTs could remarkably improve the photocatalytic activity of TiO2. The optimal 

MWCNTs: TiO2 ratio of 0.05% (w/w) was found to achieve the maximum rate of DNP 

degradation. Ohtani, et al., (2010) isolated anatase and rutile crystallites TiO2 from 

Degussa P25 (Evonic) by selective solution with a hydrogen peroxide-ammonia mixture 

and diluted hydrofluoric acid, respectively. In comparison, the photocatalytic activity of 

original Degussa P25 and restructured P25 with those of isolated anatase and rutile 

particles suggested a less-probably synergetic effect of the co-presence of anatase and 

rutile. Kanna, et al., (2010) investigated the decolorization of dye solutions, crystal 

violet (CV) and congo red (CR) using the synthesized amorphous titanium dioxide and 

compared with commercial titanium dioxides; Degussa P25 and anatase. The result 

showed that amorphous TiO2 had good adsorptivity that could decolorize the dye 

polluted water effectively mainly by adsorption. Decolorization by photocatalytic 

property was also detected but was very low. Saepurahman, et al., (2010) synthesized 

tungsten-loaded TiO2 photocatalyst. From the photocatalytic studies showed that 

tungsten-loaded TiO2 was superior to unmodified TiO2 with 2-fold increase in 

degradation rate of methylene blue, and equally effective for degradation of different 

class of dyes such as methyl violet and methyl orange at 1 mol% tungsten loading. 

Yang, et al., (2010) prepared fluorine–sulfur (F–S) co-doped TiO2 materials using low 

temperature solvo-thermal method, and tested for catalytic activity by the visible light 

photocatalytic degradation of the methylene blue. The results showed that F–S co-doped 

TiO2 has a higher photocatalytic activity than that of mono-doped F- and S-doped 
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samples under visible light irradiation. It is believed that the co-doping gives rise to a 

localized state in the band gap of the oxide and creates active surface oxygen vacancies, 

both which are responsible for visible light absorption and the promotion of electrons 

from the localized states to the conduction band. Chen, et al., (2011) synthesized the 

phosphorous-modified TiO2 (P-TiO2) by a hydrothermal method. The as-prepared P-

TiO2 was evaluated for the degradation of methylene blue and the dechlorination of 4-

chlorophenol. In all these experiments, P-TiO2 showed superior activity compared with 

pure TiO2 and even better activity than the commercially available P25 in most cases. 

Li, et al., (2011) prepared mixed amorphous and crystalline MgA2O4 nano-powders 

with visible light-induced photocatalytic activity via a simple solution combustion 

method using glycine and urea as fuel mixtures. The photocatalytic results for 

degradation of methylene blue (MB) indicated that the combustion-synthesized samples 

had photocatalytic activity, whereas the annealed well crystalline MgA2O4 nano-

powders had none. The MgA2O4 sample containing about 45.6% crystalline and 55.4% 

amorphous materials showed the highest photocatalytic activity, with a 99.5% MB 

removal in 100 min under visible light irradiation. Luis, et al., (2011) prepared 

nanocrystalline titanium dioxide (TiO2) powders with different crystal phase 

composition were obtained by controlled hydrolysis and post-thermal treatments. The 

influence of the TiO2 phase composition on its photocatalytic activity, concerning the 

methylene blue photodegradation was studied. It was found that higher TiO2 

photocatalytic activity is related with the co-existence of the three TiO2 polymorphs: 

anatase, brookite, and rutile. Oliveira, et al., (2011) investigated the photodegradation of 

dyes under visible light irradiation represents an important step in the study of advanced 

oxidation processes (AOP). The sensitization of dyes and surface modification of 

titanium dioxide with adsorption of dyes promote the electron transfer from excited 

dyes to the conduction band of semiconductor, optimizing and accelerating the dye 

degradation. Putta, et al., (2011) synthesized tungsten doping and hydrothermal TiO2 

photocatalyst by the sol-gel method. It was observed that TiO2 doped with a 0.5%W: Ti 

mole ratio and treated with 4 h of hydrothermal curing showed photoactivity under blue 

light irradiation equal to 74% of the commercial Degussa P25 under UV irradiation, i.e., 

0.01 mM 2-chlorophenol was completely removed in 120 and 90 min, respectively. 
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                        However, many disadvantages of the use of TiO2 in powder form have 

been noted: (i) difficulty and high cost in the separation and recovery of the catalyst 

from suspension, (ii) non-reusable of the catalyst, (iii) easy aggregation of the 

suspended particles, (iv) difficulty in application to continuous flow systems, (v) 

possibility to cause adverse human health problems by the loose powder  To avoid the 

use of photocatalyst in powder form, several efforts have been made to coat TiO2 as 

films on various substrates such as glass, ITO glass, stainless steel, plastics, and 

polymers, as well as employing several techniques such as flame synthesis, chemical 

vapor deposition (CVD), spray pyrolysis deposition, and sol-gel dip/spin coating.  

                        There are many studies on the photocatalytic degradation of organic dyes 

pollutants by using Degussa P25 and other TiO2 films and thin films. Wang, et al., 

(1998) presented the results of the photocatalytic experiment involving a series of 

semiconductor oxide thin films mixed with TiO2 and WO3, immobilized on glass plates 

by reactive sputtering method. It can be seen that the TiO2 thin film showed that the 

TiO2 thin film has better destruction effect than the Degussa P25 powder, due to its 

unique microstructure. This kind of immobilized photocatalyst achieves good 

experimental results in treating Rhodamine B dyeing wastewater. Byun, et al., (2000) 

prepared TiO2 thin films on window glass substrates by chemical vapor deposition 

(CVD). It is clear that the thin film TiO2 should be controlled to exhibit the preferred 

orientation for optimum photocatalytic reaction rate. CVD method is an alternative for 

the deposition of the photocatalytic TiO2. Dumitriu, et al., (2000) prepared TiO2 thin 

films by direct current (DC) reactive sputtering, using various kinds of supports such as 

glass, silicon, alumina and glass coated with indium tin oxide. The photocatalytic 

properties of the samples were tested on the degradation of phenol. The best efficiency 

with respect to phenol mineralization was obtained for simple preparation using an Ar-

H2O mixture as the reactive gas. Ding, et al., (2001) investigated coating TiO2 onto 

three difference activated carbon (AC), ϒ- alumina (Al2O3) and silica gel (SiO2) by 

chemical vapor deposition (CVD) method. It can be observed that among the three 

types of material supports, silica gel was the best for coating anatase TiO2 by CVD and 

TiO2/SiO2 showed the highest activity in the photocatalytic degradation of phenol in 

water due to higher surface hydroxyl groups and macropore surface area. Michael, et 

al., (2002) prepared TiO2 thin film photo-semiconductor electrodes by chemical vapor 



36 
 

deposition (CVD) and compared for the photocatalytic (PC) and photo-electrocatalytic 

(PEC) degradation of 4-chlorophenol (4-CP) in aqueous solution. The efficiency of PC 

degradation of 4-CP were low, but were found to be improved significantly by PEC 

with an applied potential. Arabarzis, et al., (2003) investigated nanocrystalline titania 

thin film photocatalysts by gold deposition via electron beam evaporation, with an 

attempt to study decomposition reaction rate of industrial water pollutants. It can be 

found that higher surface loading result in an efficiency decrease and this can be 

understood in terms of an optimum gold particle size and surface characteristics as well 

as the semiconductor availability for light absorption and pollutant adsorption. Kwon, et 

al., (2004) prepared titanium dioxide nano-crystalline thin films on glass, polycarbonate 

and aluminum via a sol-gel process using different alkoxide precursors. Surface 

morphology and thereby photocatalytic reactivity of the TiO2 thin films can be tailored 

by proper heat treatment. The maximum photocatalytic decomposition of methylene 

blue solution was a heat treatment at 400°C, which was ascribed to the enlarged surface 

area upon morphological change of the surface. Wang, et al., (2005) prepared muti-

walled carbon nanotubes (MWNT) and TiO2 composite catalysts by a modified sol-gel 

method. The photocatalytic degradation of phenol was performed under visible light 

irradiation on these catalysts. An optimum of synergetic effect on photocatalytic activity 

was observed for a weight ratio MWNT/TiO2 equal to 20% with an increase in the first 

order rate constant by factor of 4.1. The synergetic effect, induced by a strong 

interphase between MWNT and TiO2, was discussed in terms of different role played by 

MWNT in the composite catalysts. Yuan, et al., (2005) investigated the photocatalytic 

degradation of methylene blue (MB) in aqueous solution by using TiO2 immobilized on 

activated carbon fibers (ACFs). After six cycles, the amount of MB removal for the 

TiO2/ACF composite was slightly higher than that for fresh P25 TiO2 in suspension. 

Zainal, et al., (2005) investigated the photodegradation of various dyes in aqueous 

solution by using glass coated titanium dioxide thin film as photocatalyst. The dyes 

removal efficiency was studies and compared using UV-vis spectrophotometer analysis. 

The result showed that the total removal of each dye was: methylene blue (90.3%), 

methyl orange (98.5%), indigo camine (92.4%), Chicago sky blue 6B (60.3%) and 

mixed dyes (70.1%), respectively. Ge, et al., (2006) prepared anatase TiO2 thin films on 

glass slide substrates via a sol-gel method from refluxed sol (RS) containing anatase 
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TiO2 crystals at low temperature of 100°C. The degradation of methyl orange of RS-6 

thin films reached 99% after being irradiated for 120 min, the results suggested that the 

TiO2 thin films prepared from RS sol exhibited high photoactivities. Yang, et al., (2006) 

developed dip-coating process for TiO2 thin film on polymer substrates (acrylonitrile-

butadiene-styrene polymer: ABS, polystyrene: PS). It can be found that the 

photocatalytic degradation of methylene blue (MB) on the TiO2 thin films showed 

complete decomposition after 180 min under UV light irradiation. Yu, et al., (2006) 

prepared Fe-doped TiO2 thin films in situ on stainless steel substrates by liquid phase 

deposition, followed by calcinations at various temperatures. It was found that at 400°C, 

the film became photoactive due to the formation of anatase phase. At 500°C, the film 

showed the highest photocatalytic activity due to an optimal Fe3+ ion concentration in 

the film. Habibi, et al., (2007) investigated the photocatalytic degradation of a non-

biodegradable azo dye called (C.I. Direct 80, Red Sulphonyl 3BL) using TiO2 thin films 

in aqueous solution under UV light irradiation. Results show that the employment of 

efficient photocatalyst and the selection of optimal operational parameters lead to 

complete decolorization. The best conditions for maximum photocatalytic degradation 

were found to be pH 1 at 5 ppm concentration of dye over TiO2 thin films deposited on 

glass substrate coated with indium-tin oxide having 350 nm thicknesses annealed at 550 

°C. Paola, et al., (2007) prepared pure brookite films obtained by peptizing a mixture 

brookite-rutile by thermolysis of TiCl4 in a HCl solution. The result showed that the 

brookite films efficiency degraded 2-propanol under UV light illumination. Yuan, et al., 

(2007) synthesized anatase TiO2 films by a modified sol-gel method. It can be found 

that the hydrophilicity and photocatalytic activity of the films were remarkably by 

doping transition metal ion Fe3+. Ao, et al., (2008) prepared the different titania films by 

a sol-gel spin coating technique. The photocatalytic property of the prepared porous 

film was evaluated by degrading X-3B under UV irradiation. Results showed that 

photocatalytic performance of as-prepared porous film was much higher than that of 

smooth titania and P25 films. Ao, et al., (2008) prepared anatase titania-activated carbon 

composite film by a simple method at low temperature (75 °C at most). The 

photocatalytic property of the prepared porous film was determined by degradation of 4-

cholophenol (4-CP) under UV irradiation. It can be exhibited that the photocatalytic 

activity of composite film enhanced a lot. Yogi, et al., (2008) studied photodegradation 
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and demethylation reactions of methylene blue (MB) by a TiO2 photocatalytic film. It 

can be found that MB was less demethylated by reaction with an Au particles-TiO2 

composite film than the TiO2 photocatalytic film. Ren, et al., (2009) prepared porous 

TiO2 sheets by aqueous tape casting were modified with Ag deposition. The results 

showed that Ag-deposited TiO2 sheets had better photocatalytic activity than the pure 

TiO2 sheets, the optimum deposition time was found to be 2 min and the corresponding 

Ag loading was 1.48 mg/cm2 TiO2 sheet. Suwanchawalit, et al., (2009) prepared higher-

ordered 3D macroporous TiO2-functionalized chitosan scaffolds by ice segregation 

induced self-assembly. The result showed that the hybrid scaffolds could reuse 

substrates for the photocatalytic degradation of methylene blue and orange II dye 

molecules. Guo, et al., (2010) synthesized through-porous steel fiber matrix with high 

specific surface area and self-support strength as the support of TiO2 film photocatalyst. 

The photodegradation of methyl orange was used for evaluating the photocatalytic 

properties. The results show that compared with TiO2 films deposited on flat Si wafers, 

TiO2 films on the porous support display higher photocatalytic activities, owing to their 

higher specific surface areas. Tehrani, et al., (2011) prepared thin films of titanium 

dioxide with high surface area by sol-gel dip-coating technique.  The photocatalytic 

activities of titanium dioxide thin films were measured in the presence of methylene 

blue. The thin films prepared by using nitric acid as a stabilizer, revealed higher 

photocatalytic activity, surface area and sol stability and these data were more than 

those prepared with acetic acid. Seabra, et al., (2011) prepared active TiO2 layers 

immobilized, on aluminium sheets by a common and cheap deposition technique: jet 

spray. The result indicated that a better performance was attained for layers having a 1:1 

weight ratio of TiO2 and polyester ink and a thickness of 60 µm (100 g/m2). 

                        These methods, however, have some disadvantages for industrial 

applications, for instance, the chemical vapor deposition, spray pyrolysis deposition, 

and flame synthesis methods require special and rather expensive apparatus and 

complex procedures for the deposition of TiO2 film while the sol-gel dip/spin coating 

method needs repeated coating in order to get a thick film and requires high annealing 

temperature for crystallization. In addition, the heating process precludes the fabrication 

of TiO2 film on substrates with low thermal stability such as plastics and hydrocarbon 

polymers (Yang, et al., 2006). Therefore, a simple, less expensive and more effective 
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method for the preparation of immobilized TiO2 powder is still an interesting topic 

under investigation in many laboratories including ours. 

                        In this work the author presents,  simple, less expensive, and effective 

method for the preparation of immobilized TiO2 powder on the rubber sheet substrate 

by three different methods, using commercial TiO2 powder (Degussa P25) and rubber 

latex (60% HA) as starting materials. The rubber latex strikes our interest because of its 

versatility in daily life, available locally, and -to the best of our knowledge -has never 

been used as a substrate for TiO2 coating (except in our group).  

 

       1.2.2  Natural rubber (NR) latex 

                        Natural rubber (NR) latex, obtained from the Hevea brasiliensis tree, is a 

dispersion of cis-polyisoprene latex particles and nonrubber particles in an aqueous 

serum phase (Ho, et al., 1996; Kang, et al., 2000; Yeang, et al., 2002). The photograph 

of fresh latex and cis-1-4-polyisoprene monomer of natural rubber latex are shown in 

Figure 6. Rubber latex from field collection contains many natural substances including 

nonrubber, 30-35% polyisoprene rubber polymer, and 60-65% water. Generally, 

ammonia is usually added to the latex as a preservative to increase the alkalinity (pH) 

and retard microbial growth. The additional benefit from adding ammonia is the 

increase in stability of the NR due to the increase in negative surface charge of the 

rubber particles (Perrella, et al., 2002). Apart from the rubber latex hydrocarbon, a large 

number of nonrubber constituents (mainly carbohydrate, phospholipids, and proteins) 

are also present in relatively small amounts in the aqueous phase. Some are associated 

with the rubber particles themselves (Ho, et al., 1996).                     
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Figure 6  (a) fresh latex and (b) cis-1-4-polyisoprene monomer of natural rubber (NR) 

latex. 

 

                        The NR particles of the fresh field latex are stabilized by adsorbed 

proteins and phospholipids. The NR particle surface was surrounded by a layer made up 

of mixed domains of proteins and phospholipids (Fig. 7B), in contrast to the previously 

perceived structure of a double-layer (Fig. 7A). Here, the NR molecule linked with 

proteins and phospholipids at respectively the ω- and α-terminal ends was believed to 

orientate them, so that these hydrophilic ends were located on the particle surface as a 

thin layer. The polyisoprene molecules should then form the hydrophobic core, in 

essence giving rise to a core-shell-like particle (Nawamawat, et al., 2011).  

 

 

 

Figure 7  Two possible models for the structure of the rubber latex particle surfaces. 

(A) a current model of an NR latex particle surrounded by a double-layer of proteins 

and phospholipids and (B) the proposed new model consisting of a mixed layer of 

proteins and phospholipids around the latex particle (Nawamawat, et al., 2011). 

 

                        Commercial high-ammonia (HA) latex concentrate is produced by 

centrifugation which removes about two-three of the water soluble nonrubber and 

smaller latex particles of the field latex (Sansatsadeekul, et al., 2011). Hydrolysis of the 
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phospholipids results in changes of the chemical composition of the rubber/water 

interface with time in latex concentrates well after production. Thus, the latex particles 

in HA latex concentrate are stabilized mainly by adsorbed long-chain fatty acid soaps, 

hydrolysis products of phospholipids. The role of adsorbed proteins on latex 

stabilization is less important in latex concentrate (Ho, et al., 1996).  

The colloidal stability of the latex is extremely sensitive to pH as well as to the ionic 

environment of the dispersing medium. The negative charge on the particle surface is 

derived mainly from carboxylic groups of long chain fatty acid soap (Nawamawat, et 

al., 2011). Due to having high carboxylic groups of the rubber latex particles, it can be 

bonded to the other molecules. Therefore, in this work, we expect that the TiO2 particles 

may react with the carboxylic groups on the rubber latex particle, resulting to the 

stability of TiO2-rubber latex composite through the strong bonded -COO-TiO2 in the 

further solid sheet form. The possible bonding of TiO2 particle and natural rubber (NR) 

latex particles is shown in Figure 8.    

 

Figure 8  Possible bonding of TiO2 particle and natural rubber latex (NR) particle 

(modified from Nawamawat, et al., 2011). 

 

                        Interestingly, natural rubber (NR) latex is a renewable material produced 

at a very low cost and used in large and growing amounts, in the making of tires, carpet 

lining, diving gear, and adhesives (Ripple, et al., 2004). It has been widely used in the 

form of thin film in many applications such as tubing, balloon, and glove owing to its 

excellent elasticity, flexibility, tack, adhesiveness, and high surface friction 

(Sanguansap, et al., 2005; Sruanganurak, et al, 2006). From these properties, in this 

work, we are interested in using the rubber latex (HA) as a substrate and adhesive 

material for the preparation of immobilized TiO2 powder on the rubber sheet surface.  
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       1.2.3  Organic dye pollutant: indigo carmine (IC) 

                        Organic dyes constitute one of the larger groups of pollutants in 

wastewater released from textile and other industries. The discharge of highly coloured 

wastewater into the ecosystem involves environmental problems like aesthetic pollution 

(even a small amount of dye is clearly apparent), and perturbation of aquatic life. 

Among the most useful dyes, there is indigo carmine (3,3'-dioxo-2,2'-bis-indolyden-

5,5'-disulfonic acid disodium salt) or acid blue 74 which is one of the oldest dyes and 

still one of the most important used. Its major industrial application is the dyeing of 

clothes (blue jeans) and other blue denim (Othman, et al., 2006; 2007). Apart from its 

use as textile colouring agent and additive in pharmaceutical tablets and capsules as 

well as in confectionery items, indigo carmine is also used for medical diagnostic 

purposes. In conjunction with acetic acid, the dye facilitates diagnosis of Barrett’s 

esophagus. It can also help to target biopsies, since in homogeneously stained or 

unstained areas seem to correlate with intraepithelial neoplasia (Mittal, et al., 2006). 

However, indigo carmine is not readily metabolized but is rather freely filterable by the 

kidneys. Giving intravenous injection of indigo carmine for intra-operative cystoscopy 

is a safe technique that can detect otherwise undetected intra-operative compromise of 

the urinary tract. It also contributes to intra-vital staining for contrasting and 

accentuating changed mucosal processes. The indigo carmine is considered as highly 

toxic indigoid class of dye. Contact with it can cause skin and eye irritations. It can also 

cause permanent injury to cornea and conjunctiva. The consumption of the dye can also 

prove fatal, as it is carcinogenic and can lead to reproductive, developmental, neuron 

and acute toxicity. It has also been established that the dye leads to tumors at the site of 

application. When administered intravenously to determine potency of the urinary 

collecting system, it is also known to cause mild to severe hypertension, cardiovascular 

and respiratory effects in patients. It may also cause gastrointestinal irritations with 

nausea, vomiting and diarrhea. The toxicity tests of the dye revealed long-term toxicity 
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in mice and short-term toxicity in the pig (Barka, et al., 2008). Thus, keeping the 

toxicity of this dye in view, and various attempts have been made for the removal of 

indigo carmine from water and wastewater before releasing to the environment. 

                        There are many studies for removal of indigo carmine (IC) dye pollutant 

in water by various materials includes TiO2 photocatalysts. Vautier, et al., (2001) 

investigated TiO2/UV photocatalytic degradations of indigo and indigo carmine dye in 

aqueous heterogeneous suspensions and in the solid state. These results suggest that 

TiO2/UV photocatalysis might be envisaged as a method for treatment of diluted 

wastewaters in textile industries. They determined and presented the degradation 

pathway of indigo carmine (IC) dye using Degussa P25-TiO2 as photocatalyst under UV 

irradiation as shown in Figure 9.  In the present case, the OH radicals can break the 

various C–N and C–C bonds of the chromophore group, thus accounting for the various 

metabolites identified. The aromatic intermediates found (anthranilic acid, 

nitrobenzaldehyde, nitrobenzoic acid, and nitrobenzene) undergo successive attacks by 

OH radicals, giving hydroxylations and/or substitutions generally leading to hydroxy-

hydroquinone known as the last aromatic molecule found before the aromatic ring 

opening. The total degradation leads to the conversion of organic carbon into gaseous 

CO2, whereas nitrogen and sulfur heteroatoms are converted into inorganic ions, such as 

nitrate and ammonium, and sulfate ions, respectively. Mittal, et al., (2006) prepared an 

inexpensive adsorption method for the removal of indigo carmine (IC), a highly toxic 

indigoid class of dye from wastewater. Waste materials-bottom ash, a powder plant 

waste and de-oiled soya, an agricultural waste have been used as adsorbents. Attempts 

have been made through batch and bulk removal of the dye and both the adsorbents 

have been found to exhibit good efficiency to adsorb indigo carmine. Othman, et al., 

(2006) studied the discoloration (adsorption) and mineralization (in the presence of UV 

irradiation) of indigo carmine (IC) dye by hydrothermally synthesized ZSM-5 zeolite 

modified by manganese (Mn/ZSM-5) or lanthanum (La/ZSM-5) or mixture of both 

(Mn–La/ZSM-5) using impregnation techniques. The results indicated that MnOx 

incorporated ZSM-5 that showed the highest lattice volume and pore radius between all 

samples presented the highest photocatalytic activity, comparatively. Othman, et al., 

(2007) investigated on the discoloration (adsorption) and mineralization (in the presence 

of UV irradiation) of indigo carmine (IC) dye over four photocatalysts TiO2-D (from 
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Degussa), TiO2-SG (prepared with a sol–gel method), Mn/TiO2-imp (prepared with an 

impregnation method) and Mn/TiO2-SG (prepared with a sol–gel method) is presented. 

The experimental results show that Mn/TiO2-imp gives the highest photocatalytic 

activity.  

 

 

 

Figure 9  Photocatalytic degradation pathway of indigo carmine (IC) dye (Vautier, et 

al., 2001).  
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                        Barka, et al., (2008) investigated the photocatalytic degradation of indigo 

carmine (IC) in aqueous solutions using TiO2 coated non-woven fibres as photocatalyst. 

The experimental results show that adsorption is an important parameter controlling the 

apparent kinetic constant of the degradation. The photocatalytic degradation rate was 

favoured by a high concentration of solution in respect to Langmuir–Hinshelwood 

model. The degradation rate was pH and temperature dependent with a high degradation 

rate at high temperature. Prado, et al., (2008) investigated the application of Nb2O5 

catalyst for the photodegradation of contaminant. This catalyst was applied to degrade 

indigo carmine dye (IC), which was compared with degradation catalyzed by TiO2 and 

ZnO. It can be found that almost 100% of dye degradation occurred at 20, 45, and 90 

min for TiO2, ZnO, and Nb2O5, respectively. Almost 100% of dye degradation occurred 

at 20, 45, and 90 min for TiO2, ZnO, and Nb2O5, respectively.  

                        In this study, the photocatalytic activities of all immobilized TiO2 sheets 

were evaluated using indigo carmine (IC) as a model of organic dye pollutant. Indigo 

carmine is a brightly colored blue anionic dye, with λmax values at 610 nm. The 

molecular structure and absorption spectrum of IC dye are illustrated in Figure 10. And 

the percentage of photodegradation of IC dye was calculated by Eq. (10): 

 

                        Degradation of IC (%)   = 	�������
 × 100                                    (10) 

where C0 is the initial concentration of IC dye and Ct is the concentration at a specific 

time interval of the collected sample. 
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Figure 10  Molecular structure and absorption spectrum of indigo carmine (IC) dye. 

1.3  Objectives 

 

                       The objectives of this research concentrate on using locally available 

material to enhance the use of TiO2 photocatalysts. Besides the efficiency, the 

recyclability of products is also of prime importance. The material in this case is rubber 

latex. The searches for the most possible combined uses of rubber latex and TiO2 

photocatalysts are as follows. 

 

        1.3.1  Preparation of immobilized TiO2 (Im-TiO2) sheets 

                  (1)  To prepare Im-TiO2 sheets by directly mixing commercials TiO2  

                         powder (Anatase and Degussa P25) with rubber latex (HA)  

                         and distilled water. 

                  (2)  To characterize the properties of Im-TiO2 sheets using SEM/EDS and 

                         XRD techniques.   

                  (3)  To evaluate the photocatalytic activities of Im-TiO2 sheets on the  

                         degradation of indigo carmine (IC) dye. 

                  (4)  To study the effect of pH, initial concentration of IC, and the intensity  

                         of UV light on the photocatalytic degradation of Im-TiO2 sheets and  

                         their recyclability.      
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        1.3.2  Preparation of TiO2-strewn sheets 

                  (1)  To prepare TiO2-strewn sheets by strewing TiO2 (Degussa P25) onto the 

                         sheet of rubber latex (60% HA).                  

                  (2)  To characterize the properties of TiO2-strewn sheets using SEM/EDS 

                         and XRD techniques.    

                  (3)  To evaluate the photocatalytic activities of TiO2-strewn sheets on the  

                         degradation of indigo carmine (IC) dye.  

                  (4)  To study the effect of pH, initial concentration of IC, and the intensity  

                         of UV light on the photocatalytic degradation of TiO2-strewn sheets and  

                         their recyclability.        

 

 

        1.3.3  Preparation of TiO2-embedded (ET) sheets  

                  (1)  To prepare TiO2-embeded sheets by water-mixed rubber latex and TiO2  

                         (Degussa P25) powder suspended in ammonia solution.      

                  (2)  To characterize the properties of TiO2-embeded sheets using SEM/EDS  

                         and XRD techniques.    

                  (3)  To evaluate the photocatalytic activities of TiO2-embeded sheets on the  

                         degradation of indigo carmine (IC) dye. 

                  (4)  To study the effect of pH, initial concentration of IC, and their 

                          recyclability.        
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CHAPTER 2 

EXPERIMENTAL 

 

 

2.1  Chemicals  

  

        1.   Titanium dioxide, Degussa P25 (Anatase and Rutile (80:20)), code no.  

              D-60287, Degussa AG, Frankfurt, Germany 

        2.   Titanium dioxide, Anatase, code no. 488257, Carlo Erba, Milano, Italy 

        3.   Natural rubber latex, 60% HA, Chana Latex Co. Ltd, Songkhla, Thailand  

        4.   Indigo carmine (IC), C16H8N2Na2O8S2, code no. 57000, Fluka, U.S.A. 

        5.   Ammonium hydroxide (Ammonia solution, 28.0-30.0%), NH4OH, A.R.,  

              code no. 9721-03, J.T. Baker, U.S.A. 

        6.   Hydrochloric acid, HCl, A.R., code no. 9535-03, J.T. Baker, U.S.A. 

        7.   Sodium hydroxide, NaOH, A.R., BDH, England 

 
 

2.2  Instruments 
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        1.   X-ray diffractometer, XRD, PHILIPS X’Pert MPD, the Netherlands  

        2.   Scanning electron microscope, SEM, JEOL JSM-5800LV, Japan, attached  

              with energy dispersive X-ray spectroscopy, EDS, Oxford ISIS, England 

        3.   UV-Visible spectrophotometer, SPECORD S100, Analytik Jena GmbH,  

              Germany 

        4.   Photoreactor compartment (0.9m × 0.9m × 0.9m) with five tubes of 20 watts  

              Blacklight, F20T12-BLB, G.E., U.S.A.  

        5.   Analytical balances, AE 200S, SNR M10802, Mettler Toledo A.G.,  

              Switzerland  

        6.   Centrifuge, EBA 20, Hettich, Germany 

        7.   Magnetic stirrer, Jenway 1000, JENWAY, England  

        8.   pH meter, Hanna instruments, 8519, U.S.A. 

        9.   pH meter, pHTestr 10, Eutech/Oakton instruments, U.S.A.  

       10.  Petri dish, 3.5 inch and 4.0 inch diameter, Pyrex, Germany 

       11.  Steel sieve, 60-mesh sieve, 12.0 inch diameter, 250 micrometer pore size 

       12.  Sintered glass, 150 mL, F4-4.5 ASM, U.S.A. 

 

 

2.3  Methods  

 

       2.3.1.1  Preparation of TiO2-impregnated rubber sheets  

                        The preparation of both impregnated anatase sheet (Im-Anatase) and 

impregnated Degussa P25 sheet (Im-P25) has already been described elsewhere 

(Sriwong, et al., 2008). The Im-TiO2 sheets were prepared by mixing 0.1 g of each TiO2 

powder in 3 mL distilled water (anatase) and in 5 mL distilled water (Degussa P25), 

then stirred for 3 min after which 5 mL of natural rubber latex (60% HA) was added and 

stirred for another 5 min. The mixtures were poured into Petri dish (3.5 inch diameter) 

and dried at room temperature for 15 h. After which the Im-TiO2 sheets were taken out 

from Petri dish, reversed, and dried at room temperature about 2 h. The preparation 

process for preparing TiO2-impregnated rubber sheet is shown in Figure 11. 
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         Figure 11  The preparation process for preparing TiO2-impregnated rubber sheet. 

 

       2.3.1.2  Characterization of TiO2-impregnated rubber sheets 

                     2.3.1.2.1  X-ray powder diffraction (XRD)   

                                     The XRD technique was used for crystalline phase identification 

and to confirm structure of the TiO2 anatase powder (Carlo Erba., Italy), TiO2 Degussa 

P25 powder (Degussa AG., Germany), Im-Anatase sheet, and Im-P25 sheet. All data 

were acquired at the Scientific Equipment Center, Prince of Songkla University, Hat- 

Yai, Songkhla, Thailand, by using X-ray diffractometer, XRD: PHILIPS X’Pert MPD, 

Cu Kα irradiation and equipped with a Ni filter in the range 5-90° at 2θ. In the sample 

preparation, TiO2 sheets were cut to an appropriate size and placed into to the sample 

holder for the XRD determination.         

 

                      2.3.1.2.2  Scanning electron microscopy (SEM)  

                                      The surface morphology of all sheet samples were observed on 

a SEM: JEOL JSM-5800LV, scanning electron microscopy (SEM) using high vacuum 

mode with secondary electron image conditions and electron micrograph technique. All 

data were acquired by the Scientific Equipment Center, Prince of Songkla University, 

Hat Yai, Songkhla, Thailand. In the sample preparation, TiO2 sheets were cut to 1cm × 

1cm size to fit in the specimen chamber and mounted rigidly on a specimen holder 

(called a specimen stub). For conventional imaging in the SEM, all samples must be 

made electrically conductive by being sputtering-coated with gold prior to requiring 

image under an SEM apparatus to study the surface morphology of TiO2 sheet.            

 

                      2.3.1.2.3  Energy dispersive X-ray spectroscopy (EDS)  

                                      The EDS analysis was carried out to confirm the presence of 

elements in the TiO2-impregnated sheets. All data were acquired at the Scientific 
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Equipment Center, Prince of Songkhla University, Hat Yai, Songkla, Thailand. The 

TiO2 sheet samples were also prepared using the same method as the samples prepared 

for the SEM technique but without sputtering-coated with gold. Then the samples were 

measured by using energy dispersive X-ray spectroscopy (EDS), Oxford ISIS 300 

attached to the scanning electron microscopy (SEM) apparatus as elemental analyzer.   

 

         2.3.1.3  Photocatalytic tests 

                      2.3.1.3.1  Construction of calibration graph of indigo carmine (IC)  

                                      In this work, the concentration of standard IC solutions were in 

the range 1.0×10-5 M to 5.0×10-5 M. In order to construct reliable standard calibration 

graph of indigo carmine, the working concentrations were divided into five points: 

1.0×10-5 M, 2.0×10-5 M, 3.0×10-5 M, 4.0×10-5 M, and 5.0×10-5 M. The calibration curve 

graph of IC dye solution is shown in Figure 12.  

 

Figure 12  The standard calibration curve of IC dye solution in the range of 1.0×10-5 M 

to 5.0×10-5 M.   

 

                      2.3.1.3.2  Photocatalytic studies 
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                                      In the photocatalytic studies, the TiO2-impregnated sheet was 

settled into a Petri dish (4 inch diameter) containing 60 mL of IC aqueous solution 

(2.5×10-5 M). The solution was then stirred for 30 min in the dark to reach the 

adsorption equilibrium in tightly closed photoreactor compartment (0.9m × 0.9m × 

0.9m) to avoid interference from ambient light. Then the irradiation began under UV-

light (5 tubes of blacklight, 20 watts each, F20T12-BLB, GE, U.S.A.) and magnetically 

stirred at 400 rpm. The blacklight tubes were attached at fixed positions inside with one 

tube at the top wall and one each at four side walls of the compartment. At given 

irradiation time intervals (every 1 h), 4 mL of IC solution samples were collected. The 

degradation of IC solutions was analyzed from the changes in absorbance of the 

absorption maximum at 610 nm using UV-Vis spectrophotometer Specord S100, 

Analytik Jena., Germany. The concentration of IC dye solution was determined 

quantitatively through the calibration graph constructed as previously mentioned.  

                                     The effect of various initial IC dye concentrations were 

investigated with concentrations 1.0×10-5 M, 2.0×10-5 M, and 3.0×10-5 M. The pH of IC 

dye solutions were studied in the range of 3 to 8 by adding dilute aqueous solution of 

HCl and NaOH. The effect of intensity of UV light was studied by varying the number 

of blacklight tubes. These blacklight tubes were turned on 1, 3, or 5 tubes at the time to 

provide, respectively, low, medium, or high intensity of UV light. In addition, the 

recyclability tests of Im-Anatase sheet were also studied. 

 

 

        2.3.2.1  Preparation of TiO2-strewn rubber sheets 

                        The TiO2-strewn sheet was prepared from Degussa P25 TiO2 powder and 

rubber latex (60% HA). In a typical preparation, rubber latex (10 mL) was poured into a 

Petri dish mould (3.5-inch diameter) and was left at room temperature for about 2 h for 

gelation to form. Then, 0.03 g of P25 TiO2 was strewn onto the surface of the rubber 

sheet by using a 60-mesh sieve and allowed to dry at room temperature for 6 h. 

Afterwards, the strewn rubber sheet was taken out from the mould and dried at 100 °C 

for 1 h. After cooling to room temperature, the sheet surface was lightly sprayed with 

distilled water to wash out some of the P25 TiO2 particles that were left unbound until 

the strewn surface was free of loose particles. The sheet then was again dried at 100°C 
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for 10 min and ready for use in the next step. The variation of parameters such as the 

time at strewing (0 h, 1 h, 2 h, and 3 h), the time for drying at 100 °C (0 h, 1 h, 2 h, and 

3 h), and the amount of Degussa P25 TiO2 powder (0.03 g, 0.05 g, 0.07 g, and 0.10 g) 

were studied to optimize the preparation of TiO2-strewn rubber sheet for maximum 

photocatalytic degradation of IC dye in aqueous solution under UV light irradiation.   

 

        2.3.2.2  Characterization of TiO2-strewn rubber sheets 

                        The prepared TiO2-strewn rubber sheets were characterized by XRD, 

SEM, and EDS techniques in the same way as described in 2.3.1.2. 

 

        2.3.2.3  Photocatalytic tests 

                        In the photocatalytic studies, the TiO2-strewn sheet was settled into a 

Petri dish (4 inch diameter) containing 60 mL of IC aqueous solution (2.5×10-5M). The 

solution was then stirred for 15 min in the dark to reach the adsorption equilibrium in 

tightly closed photoreactor compartment (0.9m × 0.9m × 0.9m) to avoid interference 

from ambient light. Then the irradiation began under UV-light (5 tubes of blacklight, 20 

watts each, F20T12-BLB, GE, U.S.A.) and magnetically stirred at 400 rpm. At given 

irradiation time intervals (every 1 h), 3 mL of IC solution samples were collected. The 

degradation of IC dye solutions was analyzed from the changes in absorbance of the 

absorption maximum at 610 nm using UV-Vis spectrophotometer Specord S100, 

Analytik Jena, Germany. The concentration of IC dye solution was determined 

quantitatively through the calibration graph.  

                        The effect of various initial IC dye concentrations were investigated with 

concentrations 2.5×10-5 M, 5.0×10-5 M, and 7.5×10-5 M. The pH of IC dye solutions 

were studied in the range of 3 to 8 by adding dilute aqueous solution of HCl and NaOH. 

The effect of intensity of UV light was studied by varying the number of blacklight 

tubes. These blacklight tubes were turned on 1, 3, or 5 tubes at the time to provide, 

respectively, low, medium, or high intensity of UV light. In addition, the recyclability 

tests of TiO2-strewn sheet were also studied.   

 

 

        2.3.3.1  Preparation of TiO2-embedded rubber (ET) sheets 
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                        The ET sheet was prepared from water-mixed rubber latex and TiO2 

powder suspended in ammonia solution. In a typical procedure to prepare the 5 %wt FT 

sheet, 0. 84 mL of natural rubber latex (60% HA) was mixed with 9.16 mL of distilled 

water to make the total volume of 10 mL and was stirred for 15 min. The ammoniacal 

TiO2 was prepared by mixing 0.5 g of TiO2 powder (Degussa P25) with 5 mL ammonia 

solution and vigorously stirred for 15 min. The prepared 10 mL of water-mixed rubber 

latex was added to the TiO2 suspension and then vigorously stirred for 15 min until the 

homogenized mixture formed. Subsequently, the mixture was subjected to vacuum 

suction through a sintered glass (150 mL, 4-5.5 ASM) and dried in the oven at 60 °C 

about 3 h to remove trace of water and ammonia gas. After drying, ET sheet was 

carefully taken out from the sintered glass and left to dryness at room temperature 

overnight after which a 5 %wt ET sheet was obtained. The 10 %wt and 15 %wt ET 

sheets were prepared likewise using appropriate amount of natural rubber latex, 1.68 

mL and 2.52 mL, respectively. (The 5 %wt means 5 unit weight of latex in 100 unit 

weight of all ingredients to make a sheet. When less than 5 %wt of latex was used, the 

sheet was too thin and not sufficiently strong enough to withstand the vacuum suction 

resulting in a cracked sheet). 

 

        2.3.3.2  Characterization of TiO2-embedded rubber (ET) sheets 

                        The prepared TiO2-embedded (ET) rubber sheets were characterized by 

XRD, SEM, and EDS techniques in the same way as described in 2.3.1.2. 

 

        2.3.3.3  Photocatalytic tests 

                        In the photocatalytic studies, the TiO2-embedded (ET) sheet was settled 

into a Petri dish (4 inch diameter) containing 60 mL of indigo carmine dye aqueous 

solution (2.5×10-5M). The solution was then stirred for 15 min in the dark to reach the 

adsorption equilibrium in tightly closed photoreactor compartment (0.9m × 0.9m × 

0.9m) to avoid interference from ambient light. Then the irradiation began under UV-

light (5 tubes of blacklight, 20 watts each, F20T12-BLB, GE, U.S.A.) and magnetically 

stirred at 400 rpm. At given irradiation time intervals (every 1 h), 3 mL of IC solution 

samples were collected. The degradation of IC dye solutions was analyzed from the 

changes in absorbance of the absorption maximum at 610 nm using UV-Vis 
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spectrophotometer (Specord S100, Analytik Jena, Germany). The concentration of IC 

dye solution was determined quantitatively through the calibration graph.  

                        The effect of various initial IC dye concentrations were investigated with 

concentrations 2.5×10-5 M, 5.0×10-5 M, and 7.5×10-5 M. The pH of IC dye solutions 

were also studied in the range of 3 to 8 by adding dilute aqueous solution of HCl and 

NaOH. In addition, the recyclability tests of TiO2-embedded (ET) sheet were also 

studied. 

 

 

 

 

 

 

CHAPTER 3 

RESULTS AND DISCUSSION 

 

 

                        To avoid the use of TiO2 photocatalysts in the powder form, the 

immobilized TiO2 sheets have been designed and prepared. The aims of this research 

focus on using locally available material (natural rubber latex) as substrate to enhance 

the use of TiO2 photocatalysts. The rubber latex is interesting because of its versatility 

in daily life and available locally. Besides the photocatalytic efficiencies, the 

recyclabilities of all TiO2 sheet products are also of prime importance. The searches for 

the most possible combined uses of rubber latex and TiO2 photocatalysts are as follows. 

 

 

3.1  Preparation and characterization of TiO2-impregnated rubber sheets        

        

       3.1.1  Preparation of TiO2-impregnated rubber sheets 

                        In this work, the preparation of both impregnated anatase sheet (Im-

Anatase) and impregnated 

Degussa P25 sheet (Im-P25) 
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have been described previously (Sriwong, et al., 2008). The impregnated rubber sheet 

was prepared by mixing TiO2 powder with latex and certain amount of distilled water.  

Then, the mixture was poured into the Petri dish mold. When the latex sheet solidified, 

it was taken out of the mold and flipped upside down before being used so that the 

bottom surface would face upward and contact with the dye solution. The photograph 

images of pristine-rubber sheet and both TiO2-impregnated sheets are shown in Figure 

13.  

 

Figure 13  The photographs images of pristine-rubber 

sheet (left), Im-Anatase sheet (middle), and Im-P25 sheet 

(right). 

       3.1.2  Characterization of TiO2-impregnated 

rubber sheets 

                  3.1.2.1  X-ray powder diffraction (XRD) 

                              The X-ray diffraction patterns of TiO2 in powder form and in the 

impregnated rubber sheets are illustrated in Figure 14. The anatase and rutile titanium 

dioxide phases are marked with ‘A’ and ‘R’, respectively. From the Figure 14, a well 

crystallized anatase form was observed in the Im-Anatase sheet indicating successful 

impregnation of anatase powder into the rubber sheet (compare Figures. 14a and 14c). 

The same result was obtained for Im-P25 sheet as shown in Figure 14d (compare with 

14b). In addition, the X-ray of pristine rubber sheet have a large broad scattering peak 

near 2θ = 19° due to the fact that the rubber matrix is composed of low atomic number 

(low Z-value) element (Leyden, 1984). This broad scattering peak also shows up in the 

patterns of both impregnated sheets but with smaller intensity due to inclusion of TiO2 

particles in the impregnated sheets. The surface of Im-Anatase sheet has a higher 

content of TiO2 particles than that of Im-P25 sheet causing the average Z-value of 

matrix in the former to increase. These results in lower X-ray scattering in the case of 

Im-Anatase sheet (Sriwong, et al., 2008).  



57 
 

 
 

Figure 14  XRD patterns of (a) commercial anatase powder, (b) Degussa P25 powder, 

(c) Im-Anatase sheet, and (d) Im-P25 sheet.  

 

                  3.1.2.2  Scanning electron microscopy (SEM) 

                               The SEM images of the surface (left) and crossection (right) of Im-

Anatase and Im-P25 sheets are shown in Figure 15. The surface morphology of Im-

Anatase sheet showed evenly and well spread of anatase powder with higher surface 

roughness than the Im-P25 sheet. This results from the physical difference of anatase 

and P25 TiO2 powders. The former has higher agglomeration and denser than P25, 

which exists as a light and fluffy-like particulates. When added to the latex, the anatase 

particles sank to the bottom faster and accumulated close to the bottom surface. The P25 

particles, however, sank to the bottom slower so the numbers of particles to reach and 

accumulate at the bottom surface are smaller than in the case of anatase.  This is clearly 

shown in Figure 15a (right) where a distinct layer of anatase particles can be seen at the 

surface of the sheet while that of P25 is less visible (Figure 15b, right). The rough 

surface of Im-Anatase sheet (Figure 15a, left) resembles the cracks running through a 

sun-dried mud surface. With this cracks, the anatase powders that gather near the 

surface will have more change to contact the dye molecules than those of the Im-P25 

which are buried deep under the smoother surface of the rubber. This surface difference 

is responsible for a better performance of Im-Anatase sheet over Im-P25 sheet in the 

subsequent dye degradation studies.         
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   (a) 

 

   

 

   (b) 

 

   

 

      

Figure 15  SEM images of the surface (left) and cross-section (right) of (a) Im-Anatase 

sheet and (b) Im-P25 sheet.      

                 3.1.2.3  Energy dispersive X-ray spectroscopy (EDS) 

                  The EDS analysis was carried out to confirm the presence of 

elements in the TiO2-impregnated rubber sheets. The EDS spectra and mapping of Im-

Anatase and Im-P25 sheets are shown in Figure 16 and Figure 17, respectively, which 

show that only three elements are present in the sheets (carbon, oxygen, and titanium). 

The Im-Anatase sheet (Figure 16a) clearly shows strong Ti peaks than that of Im-P25 

sheet in Figure 17a corresponding to more distribution of Ti (TiO2 particles) atoms on 

this sheet surface. This finding is further supported by EDS elemental mapping in 

Figure 16b and Figure 17b, respectively. The Im-P25 sheet (Figure 17a), however, 

exhibits very strong carbon peak due to high concentration of rubber latex matrix on the 

sheet surface. Natural rubber latex consists mostly of cis-1,4 polyisoprene with a 

repeating hydrocarbon unit, (-CH2CH3C=CHCH2-), which is the main source of carbon 

signal. This observation supports the conclusion from SEM results in Figures 15a and 

15b that there is high concentration of rubber latex on the surface and very small 

amount of TiO2 particles (very low Ti peak) on the surface of the Im-P25 sheet.      
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Figure 16  EDS spectra (a) and mapping images (b) of Im-Anatase sheet. 

 
 

Figure 17  EDS spectra (a) and mapping images (b) of Im-P25 sheet. 
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       3.1.3  Photocatalytic activity of TiO2-impregnated rubber sheets 

                 3.1.3.1  Photocatalytic degradation of indigo carmine (IC) dye   

                              by TiO2-impregnated rubber sheets  

                  The photocatalytic mechanism of TiO2 has been well established and 

is summarized in Scheme 1. The reaction begins with TiO2 particles being excited with 

UV light resulting in the formation of electron-hole pair, Eq. (11). The electron in the 

conduction band, ecb
-, and the hole in the valence band, hvb

+, may recombine and nullify 

further reactions. The ecb
- – hvb

+ pair, if they survive from recombination process, will 

eventually diffuse to the bulk surface and react with other molecules nearby. The ecb
- 

can react with molecular O2 adsorbed at the bulk surface and after few more steps will 

lead to the formation of OH• radical, Eqs. (12-15), plays a major role in photocatalytic 

reaction. The hvb
+ can react with H2O at the bulk surface leading to formation of OH• 

radical as well, Eq. (16). The very reactive OH• radical can go on by attacking the dye 

molecules to completely mineralize them, Eq. (17). In addition, the hvb
+ itself can also 

attack and mineralize dye molecules, Eq. (18) (Houas, et al., 2001; Anpo, et al., 2003).     

TiO2   +   hv    → ecb
–  +   hvb

+       (11)  

O2ads   +   ecb
–     → O2

•–          (12)   

O2
•–   +   H+   → •OOH     (13) 

2 •OOH        → H2O2  +  O2     (14) 

H2O2   +   ecb
–      → OH•  +  OH –     (15) 

H2Oads   +    hvb
+   → H+   +  OH•      (16) 

Dye   +   OH•      → degradation products    (17) 

Dye   +   hvb
+     → degradation products    (18)  

                                  

                               Scheme 1 Mechanism of TiO2 photocatalyst 

 

                              The photodegradation efficiencies of IC by Im-Anatase sheet and Im-

P25 sheet under UV light irradiation are shown in Figure 18. The Im-Anatase sheet has 

higher surface morphology and surface roughness than the Im-P25 sheet as shown in 

Figure 15. The cracked surface of Im-Anatase sheet has grooves running through all 

over the surface. These grooves give the sheet at least two advantages: (i) the dye 
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molecules when fall in the groove cannot easily escape from the surface, and( ii) along 

the groove surface the oxygen atoms have a better chance to protrude from the latex 

texture and their negative charges can attract or repel with charges at the dye molecular 

fragment (Figure 19a). The smoother surface of the Im-P25 (Figure 19b) with TiO2 

particles embedded deeper from the surface will have weaker electrostatic forces to 

interact with the dye molecules. Therefore, the higher surface roughness can help gather 

more dye molecules onto the sheet surface and the more the photocatalytic reaction can 

take place. This is reflected by the slightly better performance of the Im-Anatase sheet 

over Im-P25 sheet as shown in Figure 18.       

 

 

 

      

   
 

Figure 18  The efficiencies of photocatalytic degradation of IC dye by impregnated 

rubber sheets under UV irradiation;       Im-Anatase sheet and        Im-P25 sheet (n = 3). 
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(a) (b) 

  

 

 

Figure 19  The effects of rough and smooth surfaces: (a) surface of Im-Anatase and (b) 

surface of Im-P25 sheets. 

 

 

                              The kinetics of the degradation was studied and the data were tested 

with the first-order kinetic expression, Eq. (19) (Silva, et al., 2006; Baiju, et al., 2007; 

Ao, et al., 2008), 

 

                        ln ���� 	 = kapp × t,                                                   (19) 

where (C0) is the initial concentration of dye, (C) is the concentration at time “t”, and 

kapp is the apparent rate constant (h-1).  The straight lines obtained confirm the first-order 

kinetics reaction of IC dye degradation, as shown in Figure 20. The rate constant, i.e., 

the slope of the line, of the Im-Anatase sheet is 0.717 h-1 and 0.595 h-1 for the Im-P25 

sheet for IC dye degradation.       
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                    Figure 20  The kinetic plots rate of Im-Anatase and Im-P25 sheets (n = 3).  

 

 

 

 

 

                 3.1.3.2  Effect of pH on the photocatalytic degradation of indigo carmine (IC)  

                              by TiO2-impregnated rubber sheets    

                      All of the experiments were carried out at the natural pH of IC dye 

solution which is 6.4. However, in real life situations the effluences from factories may 

cover wide range of pHs. To assess the efficiencies of degradation by the TiO2-

impregnated rubber sheet, several solutions of varying pH values were investigated. The 

IC dye aqueous solution was adjusted to other pH by adding either diluted HCl or 

NaOH solution accordingly. These pH values were: 3, 5, 6.4, and 8. The effect of pH on 

the photocatalytic degradation of IC in the presence of Im-Anatase sheet and Im-P25 

sheet are shown in Figure 21 and Figure 22, respectively. It can be seen that both Im-

Anatase and Im-P25 sheets showed parallel behavior with the efficiencies decreasing as 

the pH values increased in the order: (pH) 3 > 5 > 6.4 > 8. 
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           Figure 21  The effects of pH on the photodegradation efficiency of IC dye by 

           Im-Anatase sheet (n = 3).    
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Figure 22  The Effects of pH on the photodegradation efficiency of IC dye by Im-P25 

sheet (n = 3).   

 

                              Generally, for charged surface of TiO2 particles, a significant 

dependency of the photocatalytic efficiency on the pH value was observed, since the 

overall surface charge and hence the adsorptive properties of TiO2 particles depend 

strongly on the solution pHs. It is known that the metal oxide particles in water exhibits 

amphoteric behavior and readily reacts with dye which can be described by the 

following chemical equilibrium equations (Kiriakidou, et al., 1999;Toor, et al., 2006): 

                     pH < pzc:    Ti-OH  +  H+      →    TiOH2
+    (20) 

 pH > pzc:   Ti-OH  +  OH-    →    TiO-  +  H2O   (21) 
 

With respect to the point of zero charge (pzc), the surface charge property of TiO2 

changes with the change of solution pHs. The pHpzc for TiO2 has been reported in the 

range 6.25-6.90. Thus, the TiO2 surface is positively charged in acidic media (pH < 

pHpzc), whereas it is negatively charged under alkaline conditions (pH > pHpzc) (Sun, et 

al., 2008). This argument, has its origin from the powder form in contact with solution, 
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should also be applicable when the powder is impregnated in the rubber sheet. The 

effect, however, should be less pronounced for the impregnated sheet than in the 

powder form. In this case with the impregnated sheet, the TiO2 particles locate close to 

the surface may have part of oxygen atoms protrude from the rubber surface (Figure 

14). (This assertion is evidenced from the fact that the photocatalytic reaction did indeed 

take place but with less efficiency than in the loose powder form.) Therefore, it is 

expected that at pH below pHpzc, the surface of impregnated sheet acquires a positive 

charge, Eq. (20), and hence attracts with the negatively charged IC dye skeleton 

resulting in large number of molecules of dye are attracted (or adsorbed) onto the sheet 

surface. As the dye concentration at the surface increases the photodegradation activities 

also increases, as observed at the pH 3. On the other hand, at pH above pHpzc, 

electrostatic repulsion between the negative charge at the surface of impregnated sheet, 

Eq. (21), and anionic dye skeleton retards the accumulation of dye molecules at the 

surface resulting in decrease of the photodegradation activity. 

 

                 3.1.3.3  Effect of IC dye  initial concentration on the photocatalytic  

                              degradation by TiO2-impregnated rubber sheet   

                  The effects of initial concentration of IC dye aqueous solution on the 

photocatalytic efficiency was investigated with concentrations 1.0 × 10-5 M, 2.0 × 10-5 

M, and 3.0 × 10-5 M. The results are shown in Figure 23. It is found that on increasing 

the dye concentration the degradation efficiencies of dye decreases. Hence, the photo-

oxidation process will work faster at low concentration of pollutants. These results are 

in agreement with many reports (Senthilkumaar, et al., 2005; Toor, et al., 2006; Liu, et 

al., 2006) that photodegradation of textile dye Reactive Red 2, C.I. Acid Yellow 17, and 

Direct Yellow 12 decreased with increasing concentrations. At high concentration of 

dye, the deeper colored solution would be less transparent to the UV light together with 

the dye molecules may absorb a significant amount of UV light causing less light 

reaching the catalyst, thereby reducing the OH• radical formation. Since OH• radical is 

of prime importance in the attack of the dye molecules, lowering the OH•  radical would 

then cause the photodegradation efficiency to decrease (Konstantinou, et al., 2004).  
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Figure 23  The effects of IC dye initial concentration on the photocatalytic efficiency of 

Im-Anatase sheet (n = 3).  

 

                 3.1.3.4  Effect of UV light intensity on the photocatalytic degradation of IC  

                              by TiO2-impregnated rubber sheet   

                  The effect of UV light intensity on the photocatalytic degradation of 

IC dye was investigated by varying UV light intensity: Low, Medium, and High. From 

the Figure 24, it can be observed that on increasing intensity of UV light the 

degradation efficiency of dye increases. It has been reported that the photocatalytic 

reaction rate depends largely on the irradiation absorption of the photocatalyst leading 

to an increase in the degradation rate with increasing in light intensity during 

photocatalytic degradation (Liu, et al., 2006; Toor, et al., 2006; Jun, et al., 2007). The 

high UV light intensity increases photon influx entering the dye solution and 

consequently excites the TiO2 particles in the sheet resulting in more OH• radicals being 

formed at the surface of film. As the reactive number of OH• radicals attacking the dye 

molecules increase, the photodegradation efficiency also increases. The order of activity 

is directly proportional to the intensity of UV light as: High > Medium > Low. 
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Figure 24  The effects of UV light intensity on the photocatalytic efficiency of IC dye 

by Im-Anatase sheet (n = 3).  

 

                 3.1.3.5  Recyclability of the TiO2-impregnated rubber sheets on the 

                              photocatalytic degradation of IC dye 

                              Both types of impregnated sheet were tested for their recyclability up 

to ten times without showing any sign of deterioration of the sheets nor the decrease of 

performance. We thus anticipate the sheet life to go much longer than ten times of uses. 

One striking result was that the sheet surface remained rather clean after being used. As 

a result, the sheet surface need no cleaning between uses, i.e. after finishing one cycle it 

can be used immediately in the next cycle. The photographs of both Im-Anatase and Im-

P25 sheets in Figures. 25a and 25b, respectively, clearly showed no accumulation of IC 

dye molecules after many repeated uses (without cleaning). The reason for this can be 

traced back to the repulsive force between the negative charge on the skeleton of the 

dye fragment and the oxygen atoms on the catalyst surface. With this repulsion 

accumulation of dye fragments (negative charge) on the sheet surface diminishes 

drastically.   
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Figure 25  Photographs of (a) Im-Anatase sheet and (b) Im-P25 sheet: fresh sheets and 

after several uses in IC dye degradation. 

 

                  The first few uses did not show the highest performance until after 

the third use and remained at that high efficiency until the tenth use (Figure 26). This 

trend can be expected to continue even after the tenth use. The lower results of the first 

few uses may result from the fact that the rubber surface was covered with trace of 

impurities during the preparation and was destroyed during the first and the second uses 

by the photodegradation reaction along with IC dye molecules in the solution. After the 

first and second uses, therefore, the sheet surface appeared to be cleaner with higher 

number of TiO2 particles in contact with the dye solution and showed higher activity in 

the third use onward. As a result, we can see the steady increase in performance from 

the first to the third uses after which it remains almost constant.    
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Figure 26  The efficiencies of IC dye degradation by (a) Im-Anatase sheet and (b) Im-

P25 sheet on the repeating uses under UV light irradiation for 1-3 h (n = 3).    

 

                 3.1.3.6  Comparison between MB and IC degradation by TiO2-impregnated 

                              rubber sheets  

                                    Having studied both MB and IC dyes, it is worthwhile to compare 

the results from IC degradation in this thesis with that of MB degradation reported 

previously (Sriwong, et al., 2008). Since its publication, some additional studies with 

MB have been added. Of these, the rate constants of MB degradation were measured: 
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1.086 h-1 for Im-Anatase and 0.764 h-1 for Im-P25 sheets. These figures indicate that the 

rubber sheets exhibit higher photocatalytic activities toward MB than IC dye. Our 

results here agree with works from other groups where in one report, it was shown that 

MB degradation efficiency was higher than other dyes containing the –SO3
- group. And 

in the other two reports, one on MB and the other on IC dyes, the data showed that, 

under similar conditions, the rate of degradation of MB was faster than IC (Houas, et 

al., 2001; Vautier, et al., 2001; Lachheb, et al., 2002). When the rubber sheet was used 

with MB, significant amount of dye molecules adhered to the sheet surface rendering 

the sheet to appear as “dirty” after being used. The dirty surface, however, could be 

cleaned with relatively ease (Sriwong, et al., 2008), and could be brought back for reuse. 

The number of reuse for MB dye, however, appears to be shorter than with the IC dye 

(in this work) and, in the latter case, the surfaces need no cleaning going into the next 

round of uses. The trend on pH for MB was the opposite of the IC behavior, i.e., the 

efficiency for MB degradation increased with increasing pH. These differences can be 

described based on the charge type on the dye fragment. MB is cationic dye while IC is 

anionic dye. The positive charge of the MB fragment attracts with the negatively 

charged oxygen atom of TiO2 impregnated in the rubber surface promoting 

accumulation of dye molecules onto the surface. As more molecules flock together on 

the catalyst surface the higher rate of degradation should result. On the contrary, in the 

IC case, the negative charge on the dye skeleton repels with the impregnated TiO2 in the 

rubber surface discouraging accumulation of dye molecules on the sheet surface. As a 

result, on the good side, the surface remains clean, but on the bad side, the degradation 

rate was slower when compared with the MB case. 

 

                          In addition, although the TiO2 impregnated sheets in this part could be 

successfully prepared, used, and reused, however, these sheets have a few disadvantages 

in the photocatalyst applications, for example, less activity than the loose powder of the 

same catalyst and may be unstable over a long-term usage due to its thin rubber sheet 

substrate. Therefore to solve these problems, a new type of TiO2 impregnated sheets 

with higher photocatalytic activity and more stable sheets were prepared and presented 

in the next section.                      
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3.2  Preparation and characterization of TiO2-strewn rubber sheets   

 

       3.2.1  Preparation of TiO2-strewn rubber sheets 

                        The TiO2-strewn rubber sheet was easily prepared by strewing TiO2 

powder (Degussa P25) onto the sheet of rubber latex (60% HA) in a gelation to form 

through a steel sieve. In this work, the 60-mesh sieve was used as a strewing instrument 

due to it is an appropriate pore size for TiO2 powder particles throughout to the rubber 

latex. The solidified rubber sheet served as substrate upon which TiO2 powder was 

deposited. In the preparation, drying at 100 °C for 1 h, removes moisture from the 

rubber sheet to some extent. The heat drying process softened the sheet and caused 

subtle melting at the surface which helped increase the binding of TiO2 particles to the 

sheet. On a close inspection with the naked eye one can see a colorless thin film 

covering the TiO2 particles. The photograph image of TiO2-strewn rubber sheet is 

shown in Figure 27. 

 

 

 

                              Figure 27  Photograph of TiO2-strewn rubber sheet. 

 

                        In the present study, the effect of various parameters such as the time 

before strewing – the gelation period (0 h, 1 h, 2 h, and 3 h), the time for drying at 100 

°C (0 h, 1 h, 2 h, and 3 h), and the amount of Degussa P25 TiO2 powder (0.03 g, 0.05 g, 

0.07 g, and 0.10 g) were studied to optimize the preparation of TiO2-strewn rubber sheet 

for maximum photocatalytic degradation of IC dye in aqueous solution under UV light 

irradiation.    
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       3.2.2  Characterization of TiO2-strewn rubber sheets 

                 3.2.2.1  Scanning electron microscopy (SEM) 

                              Scanning electron microscopy is a technique used to investigate the 

surface morphology of all TiO2-strewn rubber sheets. The SEM micrographs of TiO2-

strewn rubber sheets prepared by varying the time at strewing, the time for drying at 

100 °C, and the amount of Degussa P25 TiO2 powder are shown in Figure 28, Figure 

29, and Figure 30, respectively. It can be seen from Figure 28 that the surface 

morphology of TiO2-strewn rubber sheet sample prepared by instantly strewing after the 

rubber latex was poured into Petri dish (in Figure (28(A1), 28(A2))) – has different 

surface morphology from each other. The TiO2 particles can be spread evenly over the 

sheet surface with lower agglomeration and deeper deposited into the rubber surface 

than the other sheets. This result can be explained as due to the fresh rubber latex has 

high water in the rubber suspension. When TiO2 particles are strewing into the rubber 

latex surface, it can be contacted and dispersed in water because of the super-

hydrophilic property of TiO2 resulting in some of TiO2 particles has dispersed with low 

aggregation and well-spread in the rubber sheet surface which can be seen clearly in the 

Figure 28(A2). Due to the highest water of these, TiO2 particles readily sink through the 

latex body and are buried rather deep under the sheet surface than the other sheets 

resulting in having less TiO2 particles on the surface of this sheet. In contrast, when the 

time before strewing was extended to after 1 h, 2 h, 3 h, the above mentioned result was 

not observed as shown in the Figs. 28(B), 28(C), 28(D), respectively. When the time 

before strewing was prolonged (gelation) – 1 h, 2 h, and 3 h – like drying at RT, the 

water molecules evaporated from the rubber latex suspension resulting in less water to 

be bonded with the TiO2 particles allowing high concentration of TiO2 particles at the 

sheet surface. The TiO2 particles deposited on the sheet surface increased with 

increasing strewing time (see in Figures. 28(B), 28(C)). However, if longer time before 

strewing was used (see in Figures 28(D)), some of TiO2 particles could not effectively 

adhere to sheet surface and easily lost from the sheet surface when the sheet was lightly 

sprayed with distilled water to wash out some of the P25 TiO2 particles that were left 

unbound until the strewn surface was free of loose particles. Figure 29 shows the SEM 

micrographs of TiO2-strewn rubber sheets prepared by varying the time for drying at 

100 °C; (A) 0 h, (B) 1 h, (C) 2 h, and (D) 3 h. In comparison, the surface morphology of 
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the TiO2-strewn sheet prepared by using the time for drying at 100 °C as 0 h (Figure 

29(A)) – no drying – has some loosely bound TiO2 particles that could be lost from the 

sheet surface when the sheet surface was lightly sprayed with distilled water, whereas, 

the opposite result was observed in the case of the longer time for drying at 100 °C 

(Figure. 29(B), 29(C), and 29(D). This result indicated that the heat drying process 

softened the sheet and caused subtle melting at the rubber sheet surface which helped 

increase the binding of TiO2 particles to the sheet surface giving high stability of the 

sheet samples, therefore, it cannot be lost from the sheet surface. However, the longer 

time for drying at 100 °C (1 h, 2 h, and 3 h) showed similar surface morphology which 

had no effect to the surface of each sheet as shown in Figures 29(B), 29(C), and 29(D), 

respectively. Figure 30 shows the SEM micrographs of TiO2-strewn rubber sheets 

prepared by varying the amount of Degussa P25 powder; (A) 0,03 g, (B) 0.05 g, (C) 

0.07 g, and (D) 0.10 g. It can be seen that the surface morphology and roughness of the 

rubber sheet samples increased with increasing amount of TiO2 powder. When the 

larger amount of TiO2 powder was used, the higher TiO2 particles on the surface of 

sheets could be observed. However, in the case of 0.10 g TiO2 powder was used (Figure 

30(D)), the surface morphology of this sheet was not significantly different from the 

surface of sheet prepared by using 0.07 g of TiO2 powder (Figure 30 (C)). Owning to 

the great amount of unbounded TiO2 powder washed out from the surface, this sheet has 

similar surface to the last sheet in Finger 30(D).     
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(A1) 

 

 (A2) 

  

  (B1) 

 

   (B2) 

   

(C1) 

 

  (C2) 

 

  (D1) 

 

  (D2) 

  

 

Figure 28  SEM images of TiO2-strewn rubber sheets prepared by varying the time 

before strewing: (A) 0 h, (B) 1 h, (C) 2 h, and (D) 3 h (10 mL latex, 0.07g TiO2, and 1 h 

drying at 100 °C). Left: low magnification_35×, and right: high magnification_150×. 

 



76 
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  (B1) 

 

  (B2) 

 

(C1) 

 

 (C2) 

 

  (D1) 

 

  (D2) 

 

 

Figure 29  SEM images of TiO2-strewn rubber sheets prepared by varying the time for-  

drying at 100 °C: (A) 0 h, (B) 1 h, (C) 2 h, and (D) 3 h (10 mL latex, 0.07g TiO2, and  

2 h before strewing (gelation)). Left: low magnification_35×, and right: high 

magnification_150×. 
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  (D1) 

 

  (D2) 

 

 

Figure 30  SEM images of TiO2-strewn rubber sheets prepared by varying the amount 

of Degussa P25 TiO2 powder: (A) 0.03 g, (B) 0.05 g, (C) 0.07 g, and (D) 0.10 g (10 mL 

latex, 2 h before strewing (gelation), and 1 h for drying at 100 C°,). Left: low 

magnification_35×, and right: high magnification_150×.  
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                 3.2.2.2  Energy dispersive X-ray spectroscopy (EDS) 

                  The EDS analysis was carried out to determine the presence of 

elements in the TiO2-strewn sheet. The EDS spectrum in Figure 31(a) shows that only 

three elements were present in the sheet, i.e. carbon, oxygen, and titanium, as evidenced 

from their corresponding K lines. Figure 31(b1) shows a SEM micrograph of an island 

of TiO2 nanoparticles submerged in rubber. This is supported by Figure 31(b2) which 

shows distribution of carbon atoms on the sheet surface surrounding the TiO2 island (the 

island is seen as a black area in this figure). Oxygen and titanium atoms are seen in the 

area occupied by the TiO2 island, Figures 31(b3) and 31(b4), respectively. Titanium 

atoms are distributed over a narrower area within the TiO2 island than the oxygen atoms 

distribution. In summary, the EDS data tell us that TiO2 particles are located on the 

rubber surface with parts of the TiO2 islands protruding from the surface (area of lighter 

color in Fig. 31(b4)).  

                (a) 

 

                  (b) 

 

Figure 31  EDS spectrum (a) and elemental mapping (b) of TiO2-strewn sheet sample. 
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                 3.2.2.3  X-ray powder diffraction (XRD) 

                              The X-ray diffraction patterns of Degussa P25 TiO2 in the powder 

form and the immobilized form on a rubber sheet surface are illustrated in Figure 32. 

The diffraction peaks of anatase and rutile phases are marked with ‘A’ and ‘R’, 

respectively. From Figure 32, the well crystallized anatase and rutile forms were 

observed in the TiO2-strewn sheet indicating successful addition of TiO2 powder onto 

the rubber sheet surface (Fig. 32a and 32b). A broad scattering peak (2θ = 19°) of the X-

ray beam by the low Z matrix of rubber also shows up in the patterns of TiO2-strewn 

sheet. The surface of TiO2-strewn sheet contains TiO2 particles causing the average 

rubber matrix of the sheet to increase and, therefore, less scattering of the X-ray beam 

(Sriwong et al., 2008).     

 

  
 

Figure 32  XRD patterns of (a) TiO2-strewn sheet and (b) Degussa P25 powder. 
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       3.2.3  Photocatalytic activity of TiO2-strewn rubber sheets 

                 3.2.3.1  Photocatalytic degradation of indigo carmine (IC) dye  by  

                              TiO2-strewn rubber sheets  

                                          The photocatalytic activities of all TiO2-strewn rubber sheet samples 

were to be evaluated using IC dye as a model of organic dye pollutant in water. Two 

blanks experimental were performed, one with only the IC dye solution, and the other 

one with the pristine rubber sheet in IC dye solution. We found that they showed no 

significant change in dye absorbance spectra. This result confirmed that the 

photocatalytic activity to come from only the TiO2 particles impregnated in the rubber 

sheet. The photocatalytic activity of TiO2-strewn rubber sheet samples prepared with 

varying the time at strewing is shown in Figure 33. It can be observed that the TiO2-

strewn rubber sheet prepared with 2 h of the time at strewing showed better 

photocatalytic activity than the other sheets. As shown in Figures. 28(C), the sheet 

higher content of TiO2 particles on the surface than the other sheets exhibited higher 

surface morphology and roughness, therefore, its observed higher photocatalytic activity 

was not unexpected.  Generally, the photocatalytic reaction on the TiO2 surface is very 

sensitive to its surface structure owning to the photocatalytic is a surface reaction. Thus, 

the higher the surface morphology and roughness the more the photocatalytic reaction 

takes place. In contrast, the lower the surface roughness with lower TiO2 particles in the 

sheet surface will have lower photocatalytic activity. The order of activities of TiO2-

strewn rubber sheets as 2 h > 3 h > 1 h >> 0 h in varying the time at strewing. While the 

photocatalytic activity of TiO2-strewn rubber sheet samples prepared with varying the 

time for drying at 100 °C is shown in Figure 34. It can be seen that the TiO2-strewn 

rubber sheets prepared with 1 h, 2 h, and 3 h of the time for drying at 100 °C showed 

similar and good performances on the photocatalytic degradation of IC dye. Whereas, 

the TiO2-strewn rubber sheet prepared with 0 h (no drying) showed slightly lower 

photocatalytic activity than the other sheets due to its lower surface with lower TiO2 

particles on the sheet. The order of activities of TiO2-strewn rubber sheets as 3 h ≈ 2 h ≈ 

1 h > 0 h in varying the time for drying at 100 °C.  
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Figure 33  The efficiencies of photocatalytic degradation of IC dye by TiO2-strewn 

rubber sheets prepared with varying the time at strewing under UV irradiation (n = 3).    

 

 

Figure 34  The efficiencies of photocatalytic degradation of IC dye by TiO2-strewn 

rubber sheets prepared with varying the time for drying at 100 °C under UV irradiation 

(n = 3).   
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                              The photocatalytic activity of TiO2-strewn rubber sheets prepared 

with varying the amount of Degussa P25 TiO2 powder is shown in Figure 35. It can be 

seen from the Figure 35 that the photodegradation efficiency of IC dye by TiO2-strewn 

rubber sheets increased with increasing amount of P25 TiO2 powder. The TiO2-strewn 

rubber sheets prepared with 0.10 g and 0.07g showed similar and better efficiencies due 

to they have high content of TiO2 particles on the sheet surface. The order of activities 

of TiO2-strewn rubber sheets prepared with varying amount of P25 TiO2 powder as 0.10 

g ≈ 0.07 g > 0.05g > 0.03 g. 

 

 

Figure 35  The efficiencies of photocatalytic degradation of IC dye by TiO2-strewn 

rubber sheets prepared with varying amount of Degussa P25 TiO2 powder under UV 

irradiation (n = 3).     

 

                              From above studies we found that the optimal conditions for 

preparation of TiO2-strewn rubber sheet were: 10 mL latex, 0.07 g Degussa P25 TiO2 

powder, 2 h strewing time, and 1 h drying time at 100 °C which has shown the highest 

photocatalytic activity than the other conditions. Therefore, these conditions were 

chosen to prepare the TiO2-strewn rubber sheet for further studies.       
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                 3.2.3.2  The effects of pH on the photocatalytic activity of the TiO2-strewn      

                              sheet 

                              In real-life applications, the sheet may be used under varied pH 

conditions. Therefore, the prepared TiO2-strewn sheet was put to test under varying pHs 

(from pH 3 to pH 8). The natural pH of IC dye solution was 6.53. The solution was 

adjusted to other pH by adding either diluted HCl or NaOH solution accordingly. The 

effects of pH on the photocatalytic degradation of IC dye in the presence of TiO2-strewn 

sheet are shown in Figure 36. It can be seen that the degradation efficiency of IC dye 

decreased with the increasing of pH. It is known that the metal oxide particles in water 

exhibits amphoteric behavior and readily reacts with dye which can be described by the 

following chemical equilibria (Kiriakidou, et al., 1999; Toor, et al., 2006):  

 

         pH < pzc:    Ti-OH  +  H+      →    TiOH2
+   (22) 

 pH > pzc:   Ti-OH  +  OH-    →    TiO-  +  H2O  (23) 
 

Generally, for the charged surface of TiO2 particles, a significant dependency of the 

photocatalytic efficiency on the pH value was observed since the overall surface charge 

and, hence, the adsorptive properties of TiO2 particles depended strongly on the solution 

pH (Senthikumaar et al., 2005). According to the point of zero charge (pzc), the surface 

charge property of TiO2 changes with solution pH. The pHpzc for TiO2 has been reported 

in the range 6.25-6.90. Thus, the TiO2 surface is positively charged in acidic media (pH 

< pHpzc), and negatively charged under alkaline conditions (pH > pHpzc) (Sun et al., 

2008). Therefore, it is expected that at pH below pHpzc, TiO2 particles at the TiO2-

strewn sheet surface acquires a positive charge (Eq. 22). Since TiO2 particles are located 

near the sheet surface, hence, the electrostatic interaction between the surface of the 

strewn sheet and the anionic dye parent fragment leads to strong adsorption with a 

corresponding high photodegradation activity at pH 3. On the other hand, at pH above 

pHpzc, electrostatic repulsion between the negative surfaces of strewn sheet and anionic 

dye fragment retards the photodegradation activity. The order of activity decreases as 

pH 3 > pH 5 > pH 6.53 > pH 8. 
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Figure 36  Photodegradation efficiencies of TiO2-strewn sheet as a function of pH (dye 

concentration  2.5 × 10-5 M, (n = 3)).   

 

                 3.2.3.3  The effects of initial concentration of IC dye on the photocatalytic 

                              activity of the TiO2-strewn sheet 

                              The effects of initial concentration on the photocatalytic degradation 

was investigated using concentrations 2.5 × 10-5, 5.0 × 10-5, and 7.5 × 10-5 M.  The 

kinetics studies of the photocatalytic degradation at different initial concentrations by 

TiO2-strewn sheet are shown in the Figure 37. It can be seen that on increasing the dye 

concentration, the photocatalytic activities of IC dye decreased. Hence, the 

photocatalysis process will work faster at lower concentration of pollutants. This 

behavior has been explained that with a high concentration of dye, the deeper colored 

solution would be less transparent to the UV light and the dye molecules could also 

absorb a significant amount of UV light causing less light to reach the catalyst resulting 

in the OH• radicals forming on the surface of film to decrease, as a result, the reactive 

number of OH• radicals attacking the dye molecules decreases and thus 

photodegradation efficiencies decreases (Konstantinou et al., 2004). The straight lines in 

Figure 37 confirms the first-order reaction of the degradation process with the rate 
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constants 0.9138 h-1, 0.7077 h-1,  and 0.5590 h-1 for the dye concentration 2.5 × 10-5 , 

5.0 × 10-5 , and 7.5 × 10-5 M, respectively.   

  

 

Figure 37  Reaction kinetics of the photocatalytic degradation of IC dye solution at 

different initial concentrations by TiO2-strewn sheet (n = 3). 

 

                 3.2.3.4  The effect of UV light intensity on the photocatalytic activity  

                              of the TiO2-strewn sheet 

                              The effect of UV light intensity on the photocatalytic degradation of 

IC dye was investigated by varying light intensity designated as: low, medium, and 

high. On increasing the light intensity, the photocatalytic activities increased as shown 

in the Figure 38. It has been reported by several groups (Toor et al., 2006; Liu et al., 

2006; Jun et al., 2007), that the photodegradation rate increased with the increase of 

irradiation light intensity.  High UV light intensity increases the photon influx entering 

the dye solution and consequently excites the TiO2 particles at the sheet surface 

resulting in more of the OH• radicals being formed. As the reactive number of OH• 

radicals increases, the photodegradation efficiencies also increase 
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Figure 38  The effects of UV light intensity on the photocatalytic degradation of IC dye 

solution by the TiO2-strewn sheet (n = 3).  

 

                 3.2.3.5  Comparison between the Im-Anatase sheet, Im-P25 sheet, and  

                              TiO2-strewn sheet on the photocatalytic activity  

                  Since the P25 TiO2 nanoparticles were on the sheet surface and 

contacted directly with dye molecules in the solution, the mechanism of dye degradation 

by P25 in this case was essentially the same as that which had been well documented as 

follows (Houas et al., 2001; Baiju et al., 2007; Khataee et al., 2010): 

 

TiO2   +    hυ     →    TiO2  +  e─   +  h+               (24) 

OH─   +    h+      →    ●OH                 (in alkaline solution)     (25) 

H2O   +    h+     →     ●OH  +  H+      (in neutral solution)       (26) 

O2      +    e─     →     O2
● ─                                (27) 

O2
● ─   +    H+     →      ●O2H               (28) 

2 ●O2H            →    H2O2   +    O2            (29) 
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H2O2    +    e─     →       ●OH  +  OH─             (30)  

Dye      +    ●OH →      degradation products           (31) 

 

These reactions sequence can be put together as shown in Figure 39 where the 

protruding TiO2 surface is first irradiated with UV light causing the electron in the 

valence band being excited is into the conduction band. This generates an electron 

(e─)/hole (h+) pair (Eq. (24)) which, if they can survive from recombination, are highly 

active species to induce further reactions. The hole in the valence band can oxidize the 

hydroxide anion (or H2O) near the surface to yield the very reactive hydroxyl radical 

(•OH) (Eqs. (25) or (26)) meanwhile the electron in the conduction band can reduce the 

surface adsorbed oxygen molecule to yield the superoxide radical (O2
• -) (Eq. (27)) 

which later yields the active •OH radicals, Eqs. (28) - (30). The reactive •OH radical is 

the main species that degrades the dye molecules, Eq. (31).  

 

 

Figure 39  Degradation of dye by the TiO2-strewn rubber sheet (Sriwong, et al., 2012). 
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                              The photocatalytic degradation efficiency of TiO2-strewn sheet found 

in this work is higher than that of titania rubber sheets (referred to as Im-Anatase sheet 

and Im-P25 sheet) as we have reported recently (Sriwong et al., 2010).  These 

efficiencies discrepancy are shown comparatively in Figure 40. The different 

efficiencies might be attributed to the location of the TiO2 particles. TiO2 particles of 

the TiO2-strewn sheet that are externally located at the surface should have more chance 

to contact with IC dye molecules than those of both Im-Anatase sheet and Im-P25 sheet 

which are embedded rather deeply under the surface of rubber. Furthermore, in the 

preparation, only 0.07 g of TiO2 was used for the TiO2-strewn sheet while 0.1 g of TiO2 

was required to prepare the other two sheets by the previous method (in part 1). 

 

 

 

Figure 40  Comparisons of photodegradation efficiencies of indigo carmine (IC) dye 

(concentration 2.5 × 10-5 M) by Im-Anatase sheet, Im-P25 sheet, and  TiO2-strewn sheet 

(n = 3).  
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                 3.2.3.6  Recyclability of the TiO2-strewn sheet on the photocatalytic 

                              degradation of IC dye solution 

                              In this work, the TiO2-strewn sheet can be used repeatedly for the 

photodegradation of IC dye solution. The sheet, after being used, remained clean and 

required no cleaning for subsequent uses. Photographs of new sheets and used sheets 

are shown in the Figure 41. The clean sheet surface results from repulsive force between 

the negative charge at the surface of the sheet and the negative charge on IC dye parent 

fragment. The hydrophobic properties of rubber sheet substrate may also contribute to 

the non-accumulation of dye molecules on the sheet surface. As a result, the sheet 

surface remains clean and the intermittently cleanings are not necessary. The sheet was 

tested for recyclability up to ten times the results of which are shown in the Figure 42.  

The photodegradation efficiencies of the sheet remained high throughout the 

recyclability test. One noticeable feature in Figure 42 is that the efficiency of the first 

use was slightly lower than those of the other subsequent uses. This may result from the 

fact that, when freshly prepared, the rubber surface as well as some of TiO2 particles 

was still covered with trace of impurities. During the first use these impurities were 

destroyed in the photodegradation along with IC dye molecules in the solution. Hence, 

after the first use, the sheet surface appeared to be cleaner, i.e. less covered with 

impurities, with a higher number of TiO2 particles contact with the dye solution and 

showed higher activity in the second use. 

 

 

 

Figure 41  Photographs of the TiO2-strewn sheet: a) new sheet, b) after the 5th use, and 

c) after the 10th use.    
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        Figure 42  The photodegradation efficiencies of TiO2-strewn sheet from the  

        recyclability test (under UV- light 3 h, at concentration  2.5 × 10-5 M, (n = 3)).      

 

                            In this part, the TiO2-strewn rubber sheets were successfully prepared, 

used, and reused. However, the TiO2-strewn rubber sheets (in this part) as well as the 

TiO2 impregnated sheets (in part 1) were only one-side active. It might be a good idea to 

prepare a sheet that is active on usable on both sides of the sheet. This leads to another 

study to prepare very thin and flexible sheet which can be used either side as described 

in the following section.    

 

 

3.3  Preparation and characterization of TiO2-embedded rubber (ET) sheets   

 

       3.3.1  Preparation of TiO2-embedded rubber (ET) sheets    

                        In this present study, the TiO2-embedded rubber sheet (hereinafter 

designed as ET sheet) was prepared from water-mixed diluted rubber latex and Degussa 

P25 TiO2 powder suspended in ammonia solution. Then, the mixture was subjected to 

vacuum suction through a sintered glass and dried to remove of water and ammonia gas, 

finally, the ET sheet was obtained. The freshly prepared ET sheet has the same white 
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color as that of the rubber latex. The thickness of the 5 %wt ET sheet is 0.33 mm as 

estimated from the SEM cross section image. As the concentration of the latex increases 

so does the thickness of the sheet, i.e., the thickness of 10 %wt ET and 15 %wt ET 

sheets are 0.68 mm and 1.00 mm, respectively. To the naked eyes the sheet has smooth 

surface. The sheet can be bent or stretched and returns to its original shape easily. 

Figures 43(a), 43(b), and 43(c) show the photographs of ET sheet with its flexibility and 

elasticity properties, respectively.  

 

Figure 43  Photographs of (a) ET sheet, (b) showing flexibility, and (c) showing  

elasticity. 

 

       3.3.2  Characterization of TiO2-embedded rubber (ET) sheets    

                 3.3.2.1  Scanning electron microscopy (SEM) 

                              Scanning electron microscopy is a technique used to investigate the 

surface morphology of all TiO2-embedded rubber sheets. The SEM images of ET 

sheets are shown in Figure 44. It can be seen that the surface roughness and the content 

of TiO2 particles decreased with increasing amount of rubber latex. The 5 %wt ET sheet 

with the highest TiO2 particles content (Figures 44(a) and 44(d)) has the coarsest 

surface compared with the other two sheets. Furthermore, the TiO2 particles appear 

densely on the 5 %wt ET sheet surface. The amount of rubber latex used in the 
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preparation of sheets has direct effect on the surface morphology of each sheet, i.e., 

when higher content of rubber latex was used the sheet became thicker and TiO2 

particles would appear less dense on the surface as most of them were buried rather 

deep under the surface of sheet (in Figures 44(b) and 44(c), respectively). Moreover, 

porous surface was observed only on the surface of 5 %wt ET sheet but not on the other 

two sheets with higher content of latex. This could be the 5 %wt ET sheet was so thin 

that air could pass through easily during the vacuum suction step causing some tiny 

holes on the surface (Figure 44(a) and 44(d)). It has been known that the surface 

roughness and the porous structure are very important for the photocatalytic activity of 

TiO2 films (Ao, et al., 2008) since the photocatalytic activity would be increased with 

the enhanced surface morphology for the roughness and the porous structure. 

 

 

Figure 44  SEM images of  ET sheets; low magnification (left column) and high 

magnification (right column) of 5 %wt ET sheet ((a) and (d)), 10 %wt ET sheet ((b) and 

(e)), and 15 %wt ET  sheet ((c) and (f)). 
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                 3.3.2.2  Energy dispersive X-ray spectroscopy (EDS)  

                  The EDS analysis was carried out to confirm the presence of 

elements in the flexible sheets. The EDS spectra and mapping of 5 %wt and 15 %wt ET 

sheets are shown in Figure 45 and Figure 46, respectively, which show that only three 

elements are present in the sheets (carbon, oxygen, and titanium). The 5 %wt ET sheet 

(Figure 45(a)) clearly shows strong Ti peaks than the 15 %wt ET sheet in Figure 46(a) 

corresponding to more distribution of Ti (TiO2 particles) atoms on this sheet surface. 

This finding is further supported by EDS elemental mapping in Figure 45b and Figure 

46(b), respectively. The 15 %wt sheet (Figure 46(a)), however, exhibits very strong 

carbon peak due to high concentration of rubber latex matrix on the sheet surface. 

Natural rubber consists mostly of cis-1,4 polyisoprene with a repeating hydrocarbon 

unit, (-CH2CH3C=CHCH2-), which is the main source of carbon signal. This 

observation supports the conclusion from SEM results in Figures 44(c) and 44(f) that 

there is high concentration of rubber latex on the surface and very small amount of TiO2 

particles (very low Ti peak) on the surface of the 15 %wt ET sheet.  

           
 

Figure 45  EDS spectra (a) and mapping images (b) of the 5 %wt ET sheet. 
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Figure 46  EDS spectra (a) and mapping images (b) of the 15 %wt ET sheet. 

 

                 3.2.2.3  X-ray powder diffraction (XRD) 

                              The X-ray diffraction patterns of the loose powder TiO2 and TiO2-

embedded in the sheet are shown in Figure 47. The diffraction peaks of anatase and 

rutile phases are marked with ‘A’ and ‘R’, respectively. The anatase peaks appear at 2θ 

= 25.50° (101) and 48.0° while those of rutile at 2θ = 27.50° (101) and 54.50°. As 

shown in the figure, the well crystallized anatase and rutile forms were observed in all 

the ET sheets (Figures 47(b), 47(c), and 47(d)) and were identical to those of Degussa 

P25 powder in Figure 47(a). In addition, a broad scattering peak at 2θ = 19° of rubber 

matrix was also discernible in the patterns of all the ET sheet samples. The intensities of 

this broad peak increase with increasing concentration of rubber latex, i.e., the 5 %wt 

ET sheet (Figure 47(b)) has the lowest intensity compared with the 10 %wt ET and 15 

%wt ET sheets, respectively. The XRD of pristine rubber sheet has been shown 

previously to have only a large broad peak near 2θ = 19° (Sriwong, et al., 2008) due to 

the fact that the rubber matrix is composed of low atomic number (low Z) elements 
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(Leyden, 1984). The matrix of 5 %wt ET sheet has the highest proportion of TiO2 

particles than those of the other sheets, therefore, the highest average Z-value of matrix 

in the former resulting in the lowest X-ray scattering and the lowest intensity peak at 2θ 

= 19° as shown in Figure 47(b).   

 

 
Figure 47  XRD patterns of (a) Degussa P25 TiO2 powder; and Degussa P25 powder 

embedded in (b) 5 %wt ET sheet, (c) 10 %wt ET sheet, and (d) 15 %wt ET sheet. 

 

 

       3.3.3  Photocatalytic activity of TiO2-strewn rubber sheets 

                 3.3.3.1  Photocatalytic degradation of indigo carmine (IC) dye  by  

                              TiO2-embedded rubber (ET) sheets  

                              The photocatalytic degradation of IC dye solution by the ET sheet 

under UV-light irradiation is shown in Figure 48. It can be seen from the figure that 5 

%wt ET sheet has the highest photodegradation efficiency than the 10 %wt and 15 %wt 

ET sheets, respectively. As shown in Figures 44(a) and 44(d), the 5 %wt ET sheet with 
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very high content of TiO2 particles on the surface has the highest surface morphology 

and surface roughness, therefore, it has the highest the photocatalytic activity than the 

other two sheets. Generally, the photocatalytic reaction on the TiO2 surface is very 

sensitive to its surface structure because the photocatalytic is a surface reaction (Kwon, 

et al., 2004). Thus, the larger the surface structure with high surface morphology and 

surface roughness, the more the photocatalytic reaction takes place. In contrast, the 

lower the surface morphology and surface roughness as in the smooth surface sheet will 

have lower photodegradation activity. This is exactly what was observed in the study of 

the 10 %wt and 15 %wt ET sheets in comparison with the 5 %wt ET sheet. 

 

 

Figure 48  The efficiencies of photocatalytic degradation of IC dye by ET sheets under 

UV light irradiation (n = 3).  
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                              In the kinetics study, the apparent rate constant (kapp) has been chosen 

as the basic kinetics parameter for all the ET sheets under investigation. The apparent 

first-order kinetics equation is (Silva, et al., 2006; Baiju, et al., 2007; Ao, et al., 2008), 

 

   																									ln ���� 	 = kapp × t,                                               (32) 

 

where C0 is the initial concentration of dye, C is the concentration at time t, and kapp is 

the apparent rate constant. The straight lines obtained when ln (Co/C) was plotted 

against t confirmed the first-order kinetics of dye degradation as shown in Figure 49. 

The rate constant values calculated from Eq. (32) were 0.8247 h-1, 0.2729 h-1, and 

0.1004 h-1 for the 5 %wt, 10 %wt, and 15 %wt ET sheets, respectively.  

 

 
Figure 49  The kinetics plots rate of disappearance of IC dye by ET sheets (n = 3).  
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                3.3.3.2  The effects of pH on the photocatalytic activity of the TiO2-embedded 

                             (ET) sheet 

                             To be useful for industrial applications, the sheet should be workable 

under various pH conditions. Therefore, the prepared ET sheet was put to test under 

varying pHs (from pH 3 to pH 8). The natural pH of IC dye solution was 6.53. The 

solution was adjusted to other pHs by adding either diluted HCl or NaOH solution 

accordingly. The effects of pH on the photocatalytic degradation of IC dye in the 

presence of 5 %wt ET sheet are shown in Figure 50. It can be seen that the degradation 

efficiency of IC dye decreases with the increasing of pH. The behavior of amphoteric 

metal oxide particles in water can be described by the following chemical equilibria 

(Kiriakidou, et al., 1999; Toor, et al., 2006):   

 

          pH < pzc:    Ti-OH  +  H+     →    TiOH2
+   (33) 

 pH > pzc:   Ti-OH  +  OH-   →    TiO-  +  H2O  (34) 
 

Generally, for the charged surface of TiO2 particles, a significant dependency of the 

photocatalytic efficiency on the pH value was observed since the overall surface charge 

and, hence, the adsorptive properties of TiO2 particles depended strongly on the solution 

pH (Ibhadon, et al., 2008). According to the point of zero charge (pzc), the surface 

charge property of TiO2 changes with solution pH. The reported pHpzc for TiO2 is in the 

range 6.25-6.90. Thus, the TiO2 surface is positively charged in acidic media (pH < 

pHpzc) via the protonation depicted by equation (33) and negatively charged under 

alkaline conditions (pH > pHpzc) via the proton abstraction by hydroxide ion depicted by 

equation (34) (Firiakidou, et al., 1999). Therefore, it is expected that at pH below pHpzc, 

TiO2 particles at the ET sheet surface would bear a positive charge. Since TiO2 particles 

are located near the sheet surface, hence, the electrostatic interaction between the 

surface of the flexible ET sheet and the anionic dye parent fragment leads to strong 

adsorption with a corresponding high photodegradation activity at pH 3. On the other 

hand, at pH above pHpzc, electrostatic repulsion between the negative surfaces of 

flexible ET sheet and anionic dye fragment retards the photodegradation activity. The 

order of activity decreases as pH 3 > pH 5 > pH 6.53 > pH 8. 
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Figure 50  Effects of pH on the photodegradation efficiencies of IC dye by 5 %wt ET 

sheet (n = 3).  

 

                 3.3.3.3  The effects of initial concentration of IC dye on the photocatalytic 

                              activity of the TiO2-embedded  (ET) sheet 

                              The effect of initial concentration on the photocatalytic degradation 

was investigated using concentrations 2.5 × 10-5, 5.0 × 10-5, and 7.5 × 10-5 M.  The 

efficiencies of the photocatalytic degradation at different initial concentrations by ET 

sheet are shown in the Figure 51. It can be seen that on increasing the dye concentration, 

the photocatalytic activities of IC dye decrease. Hence, the photocatalysis process will 

work faster at lower concentration of pollutants. This behavior has been explained that 

at high concentration of dye, the deeper colored solution would be less transparent to 

the UV light and the dye molecules could also absorb a significant amount of UV light 

causing less light reaching the catalyst resulting in the decrease of OH• radical formed 

on the surface of film, as a result, the reactive number of OH• radicals attacking the dye 

molecules decrease and thus photodegradation efficiencies decrease (Silva, et al., 2006). 
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Figure 51  Effects of the initial concentration on the photodegradation efficiencies of IC 

dye by 5 %wt ET sheet (n = 3).  

 

                 3.3.3.4  Recyclability of ET sheet on the photocatalytic degradation of IC dye  

                              In this work, the ET sheet can be repeatedly used for the 

photodegradation of IC dye solution. The sheet, after used, remained clean and required 

no cleaning for the subsequent uses. Photographs of new and used sheets are shown in 

Figure 50. The clean sheet surface results from repulsive force between the potentially 

negative charge at the surface of sheet (due to the embedded TiO2 particles) and the 

negative charge on the IC dye parent fragment. As a result, the dye molecular fragments 

do not adhere to the sheet surface rendering the sheet surface remains clean and the 

intermittently cleanings are not necessary. However, the surface of used sheets became 

off-white to pale yellow after several reuses compared to plain white of the new sheet 

(Figure 52). The sheet was tested for recyclability up to ten times the results of which 

are shown in Figure 53. The photodegradation efficiencies of the flexible sheet 

remained high throughout the recyclability tests. Note that, in Figure 53, the efficiency 

of the first use was slightly lower than those of the subsequent uses. The explanation for 

this observation is that when freshly prepared the rubber surface as well as some of 
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TiO2 particles were still covered with traces of impurities. During the first use these 

impurities were destroyed in the photodegradation process along with IC dye molecules 

in the solution. Hence, after the first use, the sheet surface appeared to be cleaner, i.e. 

less or not at all covered with impurities, with higher number of TiO2 particles contact 

with the dye solution, therefore, higher activity was observed in the second use and 

onward. 

 

 

Figure 52  Photographs of the 5 %wt ET sheet; a) new sheet, b) after the 5th use, and  

c) after the 10th use. 

 

 

Figure 53  The efficiencies of IC dye degradation by 5 %wt ET sheet after repeated 

uses under UV light irradiation for 3 h (n = 3). 
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CHAPTER 4 

CONCLUSIONS 

 

 

                         This research is divided into three parts; part 1: preparation and 

characterization of TiO2-impregnated rubber sheets, and then study their photocatalytic 

activity; part 2: preparation and characterization of TiO2-strewn rubber sheets, and then 

study their photocatalytic activity; and part 3: preparation and characterization of TiO2-

embedded rubber sheets, and then study their photocatalytic activity. 

                          In part 1, the preparation of both impregnated anatase sheet (Im-

Anatase) and impregnated Degussa P25 sheet (Im-P25) has been described (Sriwong, et 

al., 2008). The impregnated rubber sheet was prepared by directly mixing TiO2 powder 

with rubber latex (60% HA) and certain amount of distilled water. The characteristic of 

impregnated sheets was studied by the scanning electron microscopy/energy dispersive 

X-ray spectroscopy (SEM/EDS) and X-ray powder diffractometer (XRD) techniques. 

The surface morphology of Im-Anatase sheet showed evenly and well spread of anatase 

powder with higher surface roughness than the Im-P25 sheet. The photocatalytic 

activity of TiO2-impregnated sheets was evaluated using indigo carmine (IC) dye as a 

model for organic dye pollutant in water. The results showed that the TiO2-impregnated 

sheets could degrade IC dye solution under UV light irradiation. The Im-Anatase sheet 

showed higher degradation efficiency than the Im-P25 sheet. The effects of pH, initial 

concentration, and the intensity of UV light on the photodegradation were also 

investigated. Kinetics of the photocatalytic degradation was of the first-order reaction. 

The used TiO2-impregnated sheet can be recovered and reused. The recycling uses did 

not require any cleaning between successive uses and no decline in the 

photodegradation efficiency was observed compared with freshly prepared TiO2-

impregnated sheet. 

                         In part 2, the TiO2-strewn sheet was prepared by the use of TiO2 powder 

(Degussa P25) being strewn onto the sheet made form rubber latex (60% HA) through a 

steel sieve (60-mesh sieve). The effect of various parameters such as the time at 

strewing, the time for drying at 100 °C, and the amount of Degussa P25 TiO2 powder 

were studied to optimize the preparation of TiO2-strewn sheet for maximum 
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photocatalytic degradation of IC dye in aqueous solution. The characteristic of the TiO2-

strewn sheet was studied by using scanning electron microscopy/energy dispersive X-

ray spectrometer (SEM/EDS) and X-ray powder diffractometer (XRD) techniques. The 

photocatalytic activity of TiO2-strewn rubber sheet was evaluated using indigo carmine 

(IC) dye as a model for organic dye pollutant in water. The results showed that the 

TiO2-strewn sheet could degrade IC dye solution under UV light irradiation. The order 

of activities of TiO2-strewn rubber sheets as 2 h > 3 h > 1 h >> 0 h in varying the 

strewing time. The order of activities of TiO2-strewn rubber sheets as 3 h ≈ 2 h ≈ 1 h > 0 

h in varying the drying time at 100 °C. While the order of activities of TiO2-strewn 

rubber sheets prepared with varying amount of P25 TiO2 powder as 0.10 g ≈ 0.07 g > 

0.05g > 0.03 g. The optimal conditions for preparation of TiO2-strewn rubber sheet 

were: 10 mL latex, 0.07 g Degussa P25 TiO2 powder, 2 h strewing time, and 1 h drying 

time at 100 °C showed the highest photocatalytic activity. The effects of pH, initial 

concentration, and the intensity of UV light on the photodegradation were also 

investigated. Kinetics of the photocatalytic degradation was of the first-order reaction. 

The used TiO2-strewn sheet can be recovered and reused. The recycling uses did not 

require any cleaning between successive uses and no decline in the photodegradation 

efficiency was observed compared with freshly prepared TiO2-strewn sheet.  

                         In part 3, the TiO2-embedded rubber (ET) sheet was prepared by mixing 

TiO2 powder (Degussa P25) with small amount of natural rubber latex (60 %HA) 

followed by vacuum filtration through a sintered glass to form a thin paper-like and 

flexible sheet. The characteristic of the ET sheet was studied by scanning electron 

microscopy/energy dispersive X-ray spectrometer (SEM/EDS) and X-ray diffractometer 

(XRD) techniques. From the SEM results, the 5 %wt ET sheet contained very dense and 

better covered by titanium dioxide particles on the sheet surface rendering high surface 

morphology and surface roughness from which the highest photocatalytic efficiency 

was originated. The photocatalytic activity of ET sheet was evaluated using indigo 

carmine (IC) dye as a model for the organic dye pollutant in water. The results showed 

that the 5 %wt ET sheet has the highest degradation efficiency than other sheets. The 

effects of pH and initial concentration of dye solution on the photodegradation were 

also investigated. Kinetics of the photocatalytic degradation was of the first-order 

reaction. The used ET sheet can be recovered and reused with no decline in the 
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photodegradation efficiency over a long-term usage. The recyclability of the ET sheet 

should be attractive to the water treatment industry as it helps keep the operation cost 

low. The relatively low cost of the materials (photocatalyst powder and rubber latex) is 

a onetime investment and will last over a long period of time and usage.      

                         From the conclusions above, we found that three types of TiO2 

immobilized rubber sheets were successfully prepared by three different methods. These 

methods - simple, low cost, and more effective - are based on the use of commercial 

TiO2 powder and natural rubber latex (60 %HA) as starting materials. The rubber latex 

is interesting because of its versatility in daily life and available locally. Furthermore, 

since rubber latex is used to make the sheets, this should be another way of utilizing the 

rubber latex which Thailand is the number one producer in the world. From the 

photocatalytic activities test, all types of immobilized TiO2 sheets could degrade IC dye 

solution under UV light irradiation. The photocatalytic activities of all types of TiO2 

sheets depended on the effects of pH, initial concentration of IC dye solution, and the 

intensity of UV light. Although all types of TiO2 sheets showed less activities than the 

loose powder of the same catalysts (Sriwong, et al., 2008), it has one clear advantage 

over the loose powder that it can be easily recovered after used and can be reused many 

times. The recyclability of all immobilized TiO2 sheets should be attractive to the water 

treatment industry as it helps keep the operation cost low. The relatively low cost of the 

materials (photocatalyst powder and rubber latex) is a onetime investment and will last 

over a long period of time and usage. We deem that this work could be used in Thailand 

as a method for the destruction of synthetic dye pollutants in the factories before 

releasing wastewater into the natural water system.   
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