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ABSTRACT 

 

 

SYNTHESIS AND CATALYTIC APPLICATIONS  

OF METAL OXIDE BASED MATERIALS 

 IN PARTICULATE FORM 

 

Kadriye Özlem HAMALOĞLU 

Doctor of Philosophy, Department of Chemical Engineering 

Supervisor: Prof. Dr. S. Ali TUNCEL 

June 2015, 161 pages 

 

In this thesis, new sol-gel templating methods for the synthesis of titanium dioxide 

(TiO2) based catalysts in both bare and magnetic forms with or without gold 

nanoparticle decoration were developed, and their photocatalytic activity and 

plasmonic catalytic activity were investigated. 

In the first part of this thesis, monodisperse-porous bare titania microbeads were 

synthesized by new sol–gel templating method by using sodium sulfonate (-

SO3Na) attached-polymethacrylate microbeads as template. Newly synthesized 

monodisperse-porous poly(3-chloro-2-hydroxypropyl methacrylate-co-ethylene 

dimethacrylate), poly(HPMA-Cl-co-EDMA) microbeads 5.4 µm in size were used 

as starting material for the preparation of -SO3Na attached-polymethacrylate 

template. The new sol-gel templating protocol was applied by treating -SO3Na 

attached-polymethacrylate microbeads with the titania precursor, titanium chloride 

(TiCl4) in an aqueous medium and washing subsequently with ammonia to obtain 
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titania-polymer composite microbeads. The composite microbeads were calcined 

to have monodisperse-porous bare titania microbeads. The bare titania 

microbeads in the size range of 3.0-5.0 µm with crater-like or fine porous 

structures with the specific surface areas ranging between 50-91 m2/g were 

obtained by changing the concentration and crosslinking density of -SO3Na 

attached-polymethacrylate template microbeads and the calcination temperature. 

The selection of a polymethacrylate template decomposed at lower temperatures 

with respect to poly(styrene-co-divinylbenzene), poly(S-co-DVB) templates, 

commonly used for synthesis of porous titania microbeads, allowed to perform the 

calcination of titania-polymer composite microbeads at lower temperatures. 

Hence, monodisperse-porous titania microbeads with higher specific surface area 

and a crystalline structure with higher percent of anatase phase could be obtained 

by performing calcination at lower temperatures.  

A new sol gel templating protocol was also first developed for the synthesis of 

monodisperse-porous titania microbeads in the magnetic form. For this purpose, 

the magnetic polymer template was obtained by co-precipitation of iron salts onto 

the primary amine attached-poly(HPMA-Cl-co-EDMA) microbeads and alkaline 

reduction of iron salts to magnetic iron oxide nanoparticles immobilized within the 

polymethacrylate microbeads. For the synthesis of magnetic titania microbeads, 

the method proposed for bare titania microbeads was applied with some 

modifications. The magnetic titania microbeads in the monodisperse-porous form 

5.5 m in size were achieved by the calcination of titania-magnetic 

polymethacrylate composite microbeads at 450oC.  

As a new plasmonic catalyst or photocatalyst, AuNP decorated forms of the bare 

and magnetic titania microbeads were also synthesized via the methods 

developed in this thesis. For this purpose, AuNPs synthesized by Turkevich and 

Martin methods 20 and 3 nm in size, respectively were decorated onto the primary 

amine attached forms of bare and magnetic titania microbeads in the 

monodisperse and porous form.  

The bare, magnetic and AuNP decorated forms of bare and magnetic titania 

microbeads were characterized in terms of scanning electron microscopy, x-ray 

diffraction spectrophotometry, elemental analysis, vibrating sample magnetometry 
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and surface area and pore-size analysis via nitrogen adsorption-desorption 

method.  

The photocatalytic activities of bare and magnetic titania microbeads and their 

AuNP decorated forms were determined in batch fashion including a textile dye, 

RB5 as an organic contaminant. The effects of operational parameters such as 

pH, catalyst amount, crystal composition and surface area, initial substrate 

concentration on the photocatalytic degradation of RB5 dye with bare and 

magnetic titania microbeads were determined. The complete removal of RB5 dye 

was achieved with both bare and magnetic titania microbeads. The decoration of 

Martin AuNPs instead of Turkevich AuNPs markedly enhanced the photocatalytic 

activity of titania microbeads. The decoration with AuNPs with lower size resulted 

in a significant enhacement  in the photocatalytic degradation rate due to electron 

transfer characteristics of AuNPs with lower size. However, an enhancement could 

not be achieved with the Martin AuNP decorated magnetic titania microbeads. 

The photocatalytic behaviours of bare and magnetic titania microbeads and their 

AuNP decorated forms were also studied using phenol as a more common organic 

contaminant in batch fashion.  The effects of pH, catalyst amount, initial substrate 

concentration on the photocatalytic degradation of phenol with bare titania 

microbeads were determined. The complete photocatalytic degradation of phenol 

was obtained only using bare titania microbeads. In contrast to the bare titania 

microbeads, the complete phenol removal could not achieved with magnetic titania 

microbeads. On the other hand, the decoration of Martin and Turkevich AuNPs 

onto the bare and magnetic titania microbeads resulted in  reduced photocatalytic 

activities  for both photocatalysts. 

The plasmonic catalytic activity of AuNP decorated magnetic titania microbeads 

was determined by using 4-NP as the organic contaminant. In these runs,  the 

effects of AuNP size, Au loading, catalyst amount, initial substrate concentration 

and temperature on the photocatalytic degradation of 4-NP were determined in 

batch fashion. A signficant enhancement in the plasmonic catalytic activity was 

obtained with Martin AuNP decorated magnetic titania microbeads, in which AuNP 

size was smaller, compared to Turkevich AuNP decorated magnetic titania 

microbeads. Using this plasmonic catalyst, 4-NP in an aqueous solution could be 

converted into 4-AP within 2 min.  
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The results showed that the new sol-gel methods developed with the 

polymethacrylate based templates were adequate for the synthesis of both bare 

and magnetic titania microbeads. Higher photocatalytic degradation rates for an 

azo-dye and phenol and higher plasmonic catalytic degradation rate for 4-

nitrophenol were observed with the new titania based catalysts compared to the 

literature.  

Keywords: Bare and magnetic titania microbeads; Sol-gel templating method; 

Gold nanoparticle decoration, Photocatalysis; Plasmonic catalysis, RB5 dye 

degradation, Phenol degradation, 4-Nitrophenol reduction. 
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ÖZET 

 

 

PARTĠKÜL FORMUNDA  

METAL OKSĠT BAZLI MALZEMELERĠN SENTEZĠ VE  

KATALĠTĠK UYGULAMALARI 

 

Kadriye Özlem HAMALOĞLU 

Doktora, Kimya Mühendisliği Bölümü 

Tez Danışmanı: Prof. Dr. S. Ali TUNCEL 

Haziran 2015, 161 sayfa 

 

Bu tez kapsamında, altın nanopartiküllerle (AuNP) dekore edilmiĢ ya da edilmemiĢ 

hem titanyum dioksit (TiO2) hem de manyetik titanyum dioksit katalizörlerinin 

sentezi için yeni sol-jel kalıplama yöntemi geliĢtirilmiĢ, ve bu katalizörlerin 

fotokatalitik ve plazmonik katalitik aktiviteleri incelenmiĢtir.  

Tezin ilk kısmında, eĢ boyutlu-gözenekli titanyum dioksit mikroküreler yeni bir sol-

jel kalıplama yöntemi ile sodyum sülfonat (-SO3Na) bağlı polimetakrilat 

mikrokürelerin kalıp olarak kullanılmasıyla sentezlenmiĢtir. -SO3Na bağlı polimerik 

kalıpların hazırlanması için baĢlangıç materyali olarak 5.4 µm boyutlarında 

sentezlenmiĢ olan eĢ boyutlu-gözenekli poli(3-kloro-2-hidroksipropil metakrilat-co-

etilen dimetakrilat), poli(HPMA-Cl-co-EDMA) mikroküreler kullanılmıĢtır. 

Titanyum dioksit-polimer kompozit mikrokürelerinin elde edilmesi için, -SO3Na 

bağlı polimetakrilat mikrokürelerin titanyum klorür (TiCl4) prekürsörü ile sulu 
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ortamda etkileĢtirilmesi ve daha sonra da amonyak ile yıkanması üzerine kurulu 

yeni bir sol-jel kalıplama yöntemi geliĢtirilmiĢtir. Yöntemin en son basamağında 

eĢboyutlu-gözenekli titanyum dioksit mikroküreleri elde etmek için kompozit 

mikroküreler kalsine edilmiĢtir. 

3.0-5.0 µm boyut aralığında, kratere-benzer ya da küçük gözenekli yapılarda, 

spesifik yüzey alanları 50-91 m2/g aralığında olan titanyum dioksit partiküller; -

SO3Na bağlı polimetakrilat mikrokürelerin konsantrasyonunun, polimetakrilat 

mikrokürelerin çapraz bağlayıcı yoğunluğunun ve kalsinasyon sıcaklığının 

değiĢtirilmesi ile elde edilmiĢtir. 

Titanyum dioksit mikrokürelerin sentezinde yaygın olarak kullanılan poli(stiren-ko-

divinilbenzen), poli(S-co-DVB) tipindeki kalıpların yerine, düĢük sıcaklıklarda 

termal olarak bozunan polimetakrilat kalıpların seçilmesi; titanyum dioksit-polimer 

kompozit mikrokürelerin kalsinasyonunun düĢük sıcaklıklarda yapılmasına olanak 

sağlamıĢtır. Bu sebeple, kalsinasyonun düĢük sıcaklıklarda yapılması ile daha 

yüksek spesifik yüzey alanına ve yüksek oranlarda anataz faz içeren kristal yapıya 

sahip eĢboyutlu-gözenekli titanyum dioksit partiküller elde edilmiĢtir.  

Manyetik formda eĢ boyutlu-gözenekli titanyum dioksit mikrokürelerin sentezi için 

de yeni bir sol-jel kalıplama protokolü geliĢtirilmiĢtir. Bu amaçla, demir tuzlarının 

ikili çöktürme yöntemi ile birincil amin bağlı-(HPMA-Cl-co-EDMA) mikrokürelerine 

çöktürülmesiyle manyetik polimerik mikroküreler elde edilmiĢtir. 

Manyetik titanyum dioksit mikrokürelerin sentezi için, titanyum dioksit 

mikrokürelerinin üretiminde kullanılan sentez metodunda bazı modifikasyonlar 

yapılmıĢtır. Titanyum dioksit-manyetik polimetakrilat kompozit mikrokürelerin 

450oC‘de kalsinasyonu ile 5.5 m boyutlarında, eĢ boyutlu-gözenekli manyetik 

titanyum dioksit mikrokürler elde edilmiĢtir. 

Yeni bir plazmonik katalizör ya da fotokatalizör olarak  AuNP dekore edilmiĢ 

titanyum dioksit ve manyetik titanyum dioksit mikroküreler, bu tez kapsamında 

geliĢtirilen metodlarla sentezlenmiĢtir. Bu amaçla, Turkevich ve Martin 

metodlarıyla sentezlenen, sırasıyla 20 ve 3 nm boyutlarında olan AuNP‘ler birincil 

amin bağlı, eĢ boyutlu-gözenekli titanyum dioksit ve manyetik titanyum dioksit 

mikrokürelerin üzerine dekore edilmiĢtir. 
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AuNP dekore edilmiĢ ve edilmemiĢ titanyum dioksit ve manyetik titanyum dioksit 

mikroküreler, taramalı elektron mikroskobu, X-IĢını kırınım spektrofotometresi, 

elementel analiz, örnek titreĢimli manyetometre ve azot adsorpsiyon-desorpsiyon 

yoluyla yüzey alanı/gözenek boyut analizi ile karakterize edilmiĢtir. 

AuNP dekore edilmiĢ ve edilmemiĢ titanyum dioksit ve manyetik titanyum dioksit 

mikrokürelerin fotokatalitik aktiviteleri, organik bir kirletici olan RB5 tekstil boyasını 

içeren kesikli sistemde belirlenmiĢtir. pH, katalizör miktarı, kristal kompozisyonu ve 

yüzey alanı, baĢlangıç substrat konsantrasyonu gibi çalıĢma koĢullarının RB5 

boyasının fotokatalitik degredasyonuna etkisi, titanyum dioksit ve manyetik 

titanyum dioksit mikroküreleri ile belirlenmiĢtir. RB5 boyasının tam fotokatalitik 

degredasyonu, hem titanyum dioksit hem de manyetik titanyum dioksit 

mikroküreleri ile elde edilmiĢtir. Turkevich AuNP‘lerin yerine Martin AuNP‘lerin 

dekore edilmesiyle, titanyum dioksit mikrokürelerin fotokatalitik aktiviteleri önemli 

derecede geliĢtirilmiĢtir. Küçük boyutlardaki AuNP‘lerin elektron transfer 

karakteristiklerinden dolayı, bu partiküllerin titanyum dioksit mikrokürelere dekore 

edilmesi fotokatalitik degredasyon hızında önemli bir geliĢme sağlamıĢtır. Fakat, 

Martin AuNP dekore edilmiĢ manyetik titanyum dioksit mikroküreler ile bir geliĢme 

elde edilememiĢtir. 

AuNP dekore edilmiĢ ve edilmemiĢ titanyum dioksit ve manyetik titanyum dioksit 

mikrokürelerin fotokatalitik davranıĢları; daha yaygın bir organik kirletici olan fenol 

kullanılarak da kesikli sistemde çalıĢılmıĢtır. pH, katalizör miktarı, kristal 

kompozisyonu ve yüzey alanı, baĢlangıç substrat konsantrasyonu gibi çalıĢma 

koĢullarının fenolün fotokatalitik degredasyonuna etkisi titanyum dioksit 

mikroküreleri ile belirlenmiĢtir. Fenolün tam fotokatalitik degredasyonu sadece 

titanyum dioksit mikrokürelerle elde edilmiĢtir. Titanyum dioksit mikrokürelerin 

aksine, fenolün tam fotokatalitik degredasyonu manyetik titanyum dioksit 

mikroküreler ile elde edilememiĢtir. Ancak, titanyum dioksit ve manyetik titanyum 

dioksit mikrokürelere Martin ve Turkevich AuNP‘lerin dekore edilmesi her iki 

katalizör için de fotokatalitik aktivitede azalmaya neden olmuĢtur. 

AuNP dekore edilmiĢ manyetik titanyum dioksit mikrokürelerinin plazmonik katalitik 

aktivitesi, organik kirletici olan 4-NP kullanırak belirlenmiĢtir. Bu deneylerde;  

AuNP boyutunun, Au yüklemesinin, katalizör miktarının, baĢlangıç substrat 
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konsantrasyonunun ve sıcaklığın 4-NP‘nin fotokatalitik degredasyonu üzerine 

etkisi kesikli sistemde belirlenmiĢtir. 

Turkevich AuNP ile dekore edilmiĢ manyetik titanyum dioksit mikrokürelerin yerine 

daha küçük boyutlardaki  Martin AuNP ile dekore edilmiĢ manyetik titanyum dioksit 

mikrokürelerin kullanılmasıyla, plazmonik katalitik aktivitede önemli bir geliĢme 

elde edilmiĢtir. Bu plazmonik katalizörü kullanarak sulu çözeltideki 4-NP 4-AP‘ye 2 

dakikada dönüĢtürülmüĢtür. 

Sonuçlar polimetakrilat bazlı yapılarla geliĢtirilen sol-jel yöntemlerinin titanyum 

dioksit ve manyetik titanyum dioksit mikrokürelerin sentezi için uygun olduğunu 

göstermiĢtir. Literatürle karĢılaĢtırıldığında, yeni titanyum dioksit bazlı katalizörlerle 

azo-boya ve fenol için daha yüksek fotokatalitik degredasyon hızları ve 4-nitrofenol 

için daha yüksek plazmonik katalitik degredasyon hızı gözlemlenmiĢtir.  

 

Anahtar Kelimeler: Titanyum dioksit ve manyetik titanyum dioksit mikroküreler; 

Sol-jel kalıplama yöntemi; Altın nanopartikül dekorasyonu, Fotokataliz; Plazmonik 

Kataliz, RB5 boya degredasyonu, Fenol degredasyonu, 4-Nitrofenol indirgenmesi. 
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1. INTRODUCTION 

In the last century, conventional physical, biological and chemical processes were 

used to remove organic compounds from contaminated water [1]. Due to the 

limitations of these processes, a lot of research has been done in the last decades 

about a new class of oxidation processes which is called as Advanced Oxidation 

Processes (AOPs). AOPs consists of different processes like; chemical oxidation 

processes (ozone (O3), ozone/hydrogen peroxide(O3/H2O2), Fenton photochemical 

oxidation processes (UV/O3, UV/H2O2) and photocatalytic processes (UV/TiO2) [2]. 

Each process is based on the formation of hydroxyl radicals and reaction of these 

hydroxyl radicals with organic contaminants. Heterogeneous photocatalysis, in 

which semiconductor metal oxides are used instead of oxidants like H2O2 and O3 

with UV light, is a promising method for the degradation of organic compounds 

due its low cost and high efficiency [3-6].  

Among the semiconductors that have been used for photocatalysis, TiO2 is the 

most suitable one due to high activity, low cost and non-toxicity [7-10]. 

Accordingly, titania nanoparticles with a high porosity have attracted much 

attention due to its usability in heterogeneous photocatalysis for decomposing 

many kinds of organic compounds like textile dyes [11-18] and phenolic 

compounds [18-24]. Two of the most important factors affecting on the 

photocatalytic activity of titania beads are specific surface area and crystallinity 

[25, 26]. The higher surface areas can be obtained with titania nanoparticles, 

however the removal of  nanoparticles from solutions is a serious problem after the 

catalytic reaction. From the viewpoint of practical applications, in addition to high 

surface area, easy removal, controllable shape and size are also important for 

developing convenient porous titania beads. Hence, magnetic titania beads have 

attracted much attention due to ease of removal from the reaction medium [27-30].  

Using polymeric templates, which controls the morphological property such as 

pore size, outer shape and size, has a great importance for the synthesis of 

monodisperse porous titania beads [31]. The sol-gel templating is a suitable 

method for the preparation of titania beads with controlled morphology and 

structure. This method involves sol–gel chemistry of pure metal alkoxides within 

the porous polymeric template. The template is removed from the composite 
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structure after formation of inorganic structure. By using this method, Caruso and 

co-workers demonstrated the use of porous poly(styrene-co-divinylbenzene), 

poly(S-co-DVB) microbeads as template and TiCl4 as precursor in the production 

of titania microbeads [32, 33]. Meyer et al used non-functionalized and 

hydroxyl/amine functionalized poly(S-co-DVB) microbeads as template and 

titanium isopropoxide (TIP) as precursor for the preparation of titania microbeads 

[34]. Wang and co-workers also used the same particles but in larger size to 

synthesize titania macrobeads by using titanium(IV) sulfate (Ti(SO4)2) as precursor 

[35]. Qi and co-workers prepared hollow microbeads of titania, with commercial 

porous polymer beads (Sephadex G-100 beads) as template and TiCl4 as 

precursor [36]. The calcination temperature for the titania/poly(S-co-DVB) 

composite microbeads was 550 ºC in the related articles [32-35]. 

The effects of calcination temperature on the surface area and crystalline structure 

of the ultrafine (<10 nm) titania powders synthesized by sol-gel method were 

studied by Guo and coworkers [37]. Qi and co-workers changed the calcination 

temperature and showed its effect on the surface area of hollow microbeads of 

titania [36]. However, the effects of calcination temperature on the structural 

properties of titania microbeads synthesized by using sol-gel templating method 

were not studied yet.    

In this thesis, a new protocol was proposed for the preparation of monodisperse-

porous bare and magnetic titania microbeads with prescribed particle size, 

crystallinity and specific surface area by using monodisperse -SO3Na attached- 

polymethacrylate microbeads as template and TiCl4 as precursor. Using a 

polymethacrylate template with low degradation temperature allowed the synthesis 

of monodisperse-porous bare and magnetic titania microbeads with higher specific 

surface areas. Calcination at lower temperatures resulted in different crystalline 

structures for bare and magnetic titania microbeads. To obtain the plasmonic 

catalysts and enhance the photocatalytic activity of bare and magnetic titania 

microbeads, decoration of gold nanoparticles (AuNPs) was achieved by 

subsequent derivatizations. The photocatalytic activity of monodisperse-porous 

bare or magnetic titania microbeads was investigated by the degradation of a 

textile dye, Remazol black 5 (RB5) and phenol under UV-irradiation in terms of 

operational conditions like pH, catalyst concentration, crystal structure, surface 
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area of the catalyst and initial substrate concentration. The effect of AuNP loading 

on the photocatalytic activity of  bare or magnetic titania microbeads was 

examined. The plasmonic catalytic activity of AuNP decorated bare and magnetic 

titania microbeads were studied by reduction of 4-nitrophenol (4-NP) depending on 

AuNP size, weight percent of Au loading, catalyst concentration, initial substrate 

concentration and temperature, using excess amount of NaBH4. 
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2. LITERATURE REVIEW 

2.1. Titanium dioxide (Titania) 

Titanium dioxide is a non-toxic semiconductor metal oxide and used as pigment or 

filler in many industrial fields like paint, plastic, medicine and food [37-39]. As an 

UV absorber, it is also used in cosmetics and skin care. In addition to these areas, 

titania has attracted a significant interest in recent years because of its unique 

photocatalytic properties which can be used for the removal of organic and 

inorganic pollutants in water, the degradation of harmful organic contaminants 

such as endocrine disrupters, pesticides, and textile dyes, photoreduction of N2 or 

CO2, killing of bacteria and harvesting of solar energy [40-44]. 

In the 1790s, TiO2 was discovered in the form of black sand on the beaches of 

Cornwall, England. William Gregor found out that the black grains were separated 

from the silica sand with a magnet. He treated these black grains with hydrochloric 

acid which resulted in a white residue. After treating this residue with sulphuric 

acid and soda he performed a calcination and at last he obtained a white powder: 

TiO2 [45]. 

Today, TiO2 is produced by sulfate or chlorine processes. In sulfate process, 

ilmenite, which is found in metamorphic rocks, is turned into iron and titanium 

sulfates by the treatment with sulfuric acid. Then, titanium hydroxide is precipitated 

by hydrolysis and calcinated at high temperature. In the chlorine process, the seed 

crystals are generated by alkaline hydrolysis and reacted with chlorine to produce 

titanium tetrachloride. Then, titanium tetrachloride is purified and reoxidized to 

yield very pure TiO2 [45]. 

Anatase, rutile and brookite are the crystal structures of titania that can be found in 

nature [46]. The reasons of the difference on the crystal structure are the distortion 

of each TiO2 octahedral and the assemblage patterns of the octahedral chains. 

The crystal structures of these three different forms of titania are illustrated in 

Figure 2.1. In anatase phase, the octahedrals are connected by their vertices, 

while in rutile phase, the edges are connected. In brookite phase, both vertices 

and edges are connected [47]. 
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Figure 2.1. Representations of the crystal structures for rutile, anatase and 

brookite [48]. 

 

The physical properties regarding to the crystal structures are shown in Table 2.1. 

[49].  
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Table 2.1. Some physical properties for different crystal structures of titania 

[50,51]. 

 Rutile Anatase Brookite 

Crystal structure tetragonal tetragonal orthorhombic 

Band gap energy 

(eV) 

3.0 3.2 3.2 to 3.8 

Refractive index 2.49 2.61 2.58 

Density (g/cm3) 4.13 3.79 3.99 

Lattice constants 

(Å) 

a=4.5936 

c=2.9587 

a=3.784 

c=9.515 

a=9.184 

b=5.447 

c=5.145 

Ti-O bond length 

(Å) 

1.949(4) 

1.980(2) 

1.937(4) 

1.965(2) 

1.87~2.04 

O-Ti-O bond angle 81.2° 

90.0° 

77.7° 

92.6° 

81.2°~90.0° 

 

Rutile and anatase phases have a tetragonal structure, whereas brookite has 

orthorhombic structure. The band gap energies for anatase and rutile phases are 

3.2 eV and 3.0 eV, respectively. Although the band gap of rutile phase is lower 

than the band gap of anatase phase, anatase phase shows higher photocatalytic 

activity due to reduced recombination of photogenerated electron-hole pairs [39, 

52]. Among these phases, rutile and anatase have been used in most of the 

photocatalytic investigations [53]. Rutile phase is chemically more stable but is 

less active in photocatalysis when compared with anatase phase [54, 55]. 

However, it was reported that TiO2 with a large quantity of anatase phase and a 

small quantity of rutile phase exhibits a higher photocatalytic activity than pure 

anatase phase [56, 57].  
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Titania received a great attention especially on photocatalysis among other 

semiconductors due to its chemical stability, non-toxicity and low cost. As a result 

it is the most preferred photocatalyst that is used both in laboratory and pilot plant 

studies for photocatalysis of organic molecules [39]. 

The electrical conductivity of conductors is around 107  (Ωm)-1 which is a high value 

for electrical conductivity. Unlike conductors, the electrical conductivity of 

insulators is ranging between 10-10 and 10-20 (Ωm)-1. Semiconductors are defined 

to have electrical conductivity values in between the electrical conductivity values 

of conductors and insulators [38]. 

The energy band diagram of a semiconductor which shows the levels of energies 

of electrons is illustrated in Figure 2.2.  Valence band (EVB) is the lower energy 

level of a semiconductor and the next higher energy band is called conduction 

band (ECB), where the electrons are considered to be free. There is a band gap 

(Eg) between the valance and conduction band and the Fermi level for a 

semiconductor band structure lies in the band gap. The electrons are forbidden to 

exist in this band gap and therefore an electron should absorb an energy which is 

higher than the band gap to be excited from valance band to conduction band.   

 

Figure 2.1. Band diagram of semiconductors. 
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The semiconductors with lower band gaps have higher probabilities for the 

excitation of a valance electron into the conduction band which results in more 

conduction electrons and higher electrical conductivity. The excitation of an 

electron leaves behind an empty space for another electron and it is called a hole 

(h+). Consequently, the excitation of an electron results in not only an electron in 

the conduction band but also a hole in the valance band. Thus, both the electron 

and hole can be used in photocatalytic reactions [38]. 

2.1. Synthesis 

TiO2 can be produced in different forms like powder, crystals or thin films. Each 

form can be synthesized in a broad size range from few nanometers to several 

micrometers. The important point is that the physical and chemical properties of 

TiO2 depend on the conditions of preparation method. Generally the preparation 

methods can be divided into two groups: gas–phase methods and solution 

methods. 

For the preparation of thin TiO2 films, usually the gas-phase methods are 

preferred. The main techniques for the gas-phase methods are: chemical vapor 

deposition (CVD) [58] and physical vapor deposition (PVD) [59]. Recently, some 

other complicated techniques based on gas-phase methods have been used: ion 

implantation [60], sputtering [61], molecular beam epitaxy [62] and dynamic ion 

beam mixing [63]. These new techniques provided the production of materials with 

high purity and controllable film growth. However high energy consumption is a 

disadvantage when compared with other techniques.  

The solution methods are usually used for the synthesis of powders. There are 

several advantages for this method: the possibility to control stoichiometry, 

production of homogeneous materials, possibility of formation of complex shapes, 

and preparation of composite materials. On the contrary, long processing times 

and use of expensive precursors are the disadvantages of the solution methods. 

The solution methods include precipitation and coprecipitation [64, 65], 

solvothermal and hydrothermal methods [66, 67], microemulsion [68], combustion 

and electrochemical synthesis [69, 70] and sol-gel method [71]. The sol-gel 

method is the most popular technique for the synthesis of titania in different forms 
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due to its advantages over other techniques. The introduction to TiO2 composite 

materials [72] and TiO2-doped materials [73] is made with this process. 

2.1.1. Sol–gel method 

In the sol–gel method, the solid product is formed by gelation different from 

crystallization or precipitation. It is described as the process to form materials via a 

sol, gelation of  the sol and finally removal of the solvent [74]. A ―sol‖ is a stable 

suspension of colloidal solid particles in a liquid. A ―gel‖ is a solid network formed 

by agglomeration of colloidal solid particles [74, 75]. 

 

 

Figure 2.2. Scheme of the sol–gel processing options [76]. 

 

The scheme of different process routes leading from the sol to a variety of 

materials is shown in Figure 2.3. By applying different processes to the sol, which 

is formed by the hydrolysis of precursor, products in different forms (dense films, 

dense ceramics, wet gels, xerogels, aerogels, uniform particles, ceramic fibers) 

are obtained [75]. Many materials like catalysts, catalyst supports, ceramic fibers, 

electroceramic powders, and insulating materials are synthesized by using sol-gel 
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method. There are some reasons to choose the sol–gel method for the synthesis 

of such materials [76]: 

1. Highly porous materials and crystalline materials can be synthesized. 

2. The particle size, pore size and porosity of the final material can be 

adjusted by controlling the rates of hydrolysis and condensation. 

3. By controlling drying and calcination conditions, pore size, porosity and 

mechanical properties can be controlled.  

TiO2 can be produced by alkoxide or non-alkoxide sol-gel routes depending on the 

precursor used. In the non-alkoxide (inorganic) sol-gel route, inorganic salts such 

as nitrates, chlorides, acetates are used as precursors and it requires an additional 

removal of the inorganic anion [77]. In the alkoxide (organic) sol-gel route, the 

precursors that are used are metal alkoxides like titanium ethoxide, titanium 

isopropoxide (TIP) and titanium n-butoxide. Inorganic compounds such as TiCl4, 

Ti(SO4)2 as precursors for titanium dioxide are easily available and more 

economical than alkoxides [78, 79]. The sol–gel process can be divided in two 

different categories according to temperature: high–temperature preparation 

(using calcination treatment) and low–temperature preparation (crystallinity is 

achieved without calcination treatment). 

2.1.1.1. Low–temperature sol–gel process 

By usual sol–gel chemistry in solvent mixtures, only amorphous titania could be 

synthesized [80]. In most of the studies, calcination of amorph titanium dioxide 

was performed around 300–400oC to obtain titanium dioxide in anatase form [81]. 

By performing the calcination at higher temperatures, highly crystalline structures 

can be obtained, however higher thermal energy leads to the collapse of 

mesoporous frameworks which results in lower surface areas [82]. Liu et al. 

synthesized TiO2 hydrosols by chemical precipitation– peptization method by using 

titanium sulfate as precursor and metatitanic acid as peptizing agent under 

different peptizing conditions. The effect of peptizing conditions on the 

photocatalytic activity was investigated. It was reported that the preparation of TiO2 

particles at low temperatures (< 100 oC) has several advantages such as (1) TiO2 

particles with uniform particle size distribution; (2) higher interfacial adsorption 

ability; and (3) easy coating on various supporting materials. It was also reported 
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that the photocatalytic activity of TiO2 particles depend on some factors such as 

crystal structure, particle size and surface area [83]. Lee and Liu reported an acid– 

hydrolysis method for the synthesis of crystalline TiO2 sol at low temperatures to 

avoid calcination at high temperatures. TiCl4 was used as a precursor and 

hydrochloric acid (HCl) as a peptizing agent. The effects of some parameters such 

as pH, HCl concentration and storage temperature were investigated [84]. 

Addamo et al. prepared TiO2 particles in nanometer size by controlling the 

hydrolysis of TiCl4 without calcination. In the study, the effect of concentration of 

TiCl4, preparation procedure and boiling time on the properties of TiO2 was 

investigated. It was shown that the photocatalytic activity of TiO2 samples 

depended on the crystallinity and particle size [85]. Hydrated titanium dioxide was 

prepared by Randorn et al. by using TiCl4 and concentrated NH4OH solution 

without calcination. The crystal structure of the prepared powders consisted of 

amorphous phase with a small amount of anatase phase. The photocatalytic 

degradation of methylene blue dye was investigated with prepared powders [86]. 

Although the low–temperature sol-gel synthesis (<100 oC) eliminates the 

calcination step [81, 85, 86], the main problem due to low temperature is the low 

crystallinity and therefore the low photocatalytic activity of  the titania particles [81]. 

2.1.1.2. Sol-gel Templating Method 

Sol-gel templating method is an alternative approach that uses templates to 

control the morphology of  titania particles. Generally, templates can be divided 

into two groups, soft and hard. Soft templates are flexible and usually organic or 

biologic molecules are used such as microemulsions, micelles, or proteins. Unlike 

soft templates, hard templates have rigid structures such as inorganic colloids or 

polymeric beads. Using polymeric templates, which controls the morphological 

property such as pore size, outer shape and size, has a great importance for the 

synthesis of monosized porous titania beads [31]. The sol-gel templating is a 

suitable method for the preparation of titania beads with controlled morphology 

and structure. This method involves sol-gel chemistry of pure metal alkoxides 

within porous polymeric template. The template is removed from the composite 

structure by calcination or extraction [87, 88]. By using this method, Caruso and 

co-workers demonstrated the use of porous poly(S-co-DVB) microbeads as 

template and TiCl4 as precursor in the production of titania microbeads [32, 33]. 
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Meyer et al. used non-functionalized and hydroxyl/amine functionalized poly(S-co-

DVB) microbeads as template and titanium isopropoxide (TIP) as precursor for the 

preparation of titania microbeads [34]. Wang and co-workers also used the same 

particles but larger in size to synthesize titania macrobeads by using Ti(SO4)2 as 

precursor [35]. Qi and co-workers prepared hollow microbeads of titania, with 

commercial porous polymer beads (Sephadex G-100 beads) as template and 

TiCl4 as precursor [36]. The calcination temperature for the titania/poly(S-co-DVB) 

composite microbeads was 550 oC [32-36]. Caruso and coworkers successfully 

prepared a novel titania material by using cuboid agarose gel block as template 

[89, 90]. Although the pore structure was perfectly replicated and controllable, the 

final material showed poor mechanical stability because the agarose fibers were 

only coated with a thin titania film. The shortcomings would seriously limit their 

application as chromatographic packing. Sun and co-workers synthesized porous 

titania beads by an improved sol-gel templating procedure using agarose gel as 

template [91]. 

2.2. Synthesis of Polymeric Templates 

Polymeric particles can be synthesized in the broad size range from nanometer to 

micrometer scale by using different types of liquid-phase heterogeneous free-

radical polymerizations: emulsion polymerization, microemulsion polymerization, 

mini emulsion polymerization, dispersion polymerization and suspension 

polymerization [92, 93]. 

2.2.1. Dispersion Polymerization 

Dispersion polymerization is a free-radical polymerization technique and used for 

the production of polymer particles in micron-size range with a narrow size 

distribution [94]. The size of the polymeric particles obtained with dispersion 

polymerization is usually between 1 to 10 microns. The most important property 

that separates the dispersion polymerization from other techniques is the 

synthesis of highly monodisperse particles. Dispersion polymerization has 

received a great interest for the synthesis of monodisperse polymeric particles 

used in industry, health care and various research areas [95-98] 

In the literature, the dispersion polymerization was first developed by Osmond and 

coworkers and then it was reviewed by Barrett [94]. For the production of non-
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aqueous dispersions of polymeric particles, acrylic and vinylic monomers were 

polymerized in hydrocarbons with polymeric stabilizers. Almog et al. used polar 

solvents to obtain monodisperse polymeric microspheres, using hydrolyzed 

polyvinyl alcohol (PVA) as a colloidal stabilizer and a quaternary ammonium salt 

as an electrostatic co-stabilizer [99]. This work extended the field of dispersion 

polymerization and as a result it became a popular method for the synthesis of 

polymeric particles [100, 101]. 

In the dispersion polymerization, the monomer is polymerized in the presence of a 

suitable stabilizer which is also soluble in the reaction medium. The selection of 

solvent is important as the solvent should dissolve both the monomer and the 

stabilizer, but should not dissolve the polymer being formed. Therefore, in the 

early stages of dispersion polymerization the polymerization solution is 

homogeneous. As the polymerization continues and the monomer conversion 

increases, the sterically stabilized polymeric particles are formed by the 

precipitation.The mechanism of the dispersion polymerization is very complicated, 

since at the beginning of polymerization it is like a solution polymerization and then 

in a short time it changes to a heterogeneous polymerization [92, 93, 102-105]. 

The size and the molecular weight of the polymeric particles formed by dispersion 

polymerization depend on polymerization kinetics, particle growth process and all 

other reaction parameters [92, 93, 102-104, 106-109]. There are three steps in the 

particle formation in dispersion polymerization: (1) self-nucleation [110], (2) 

aggregative nucleation [111], and (3) nucleation from micelles [112]. 

The mechanism for the dispersion polymerization of methyl methacrylate in n-

dodecane was obtained by Barrett and Thomas [113]. A kinetic model for the 

prediction of particle size in dispersion polymerization was developed by Paine et 

al [102, 114]. The mechanism for the polymerization of micron-size polymeric 

particles in the dispersion polymerization of methyl methacrylate (MMA) in 

methanol with polyvinylpyrrolidone (PVP) as the stabilizer was investigated by 

Shen et al. by monitoring the change in the average particle size during the 

polymerization [104]. Tseng et al. proposed a mechanism for the particle formation 

in dispersion polymerization of polystyrene in ethyl alcohol with PVP with different 

co-stabilizers [108]. The schematical description of the dispersion polymerization 

is given in Figure 2.4.  
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Figure 2.3. Schematical  description of the stages of dispersion polymerization 
[115]. 

 

According to the studies given in literature [104, 108, 113], the mechanism can be 

summarized in four steps.  

1) At the beginning, monomer, initiator and polymeric stabilizer are dissolved in the 

solvent and the solution is homogeneous.  

2) After heating the solution, the initiator decomposes to form free radicals and 

these free radicals react with the monomer to form oligomers, which are still 

soluble in solvent.  

3) By reaching the critical chain length, the polymer chains start to precipitate and 

form the nuclei that are stabilized by the polymeric stabilizer. Then the nuclei 

aggregate into larger particles by absorbing stabilizer and co-stabilizer from the 

medium till the stable particles are formed.  

4) The polymerization occurs within the monomer-swollen particles. This process 

continues until all of the oligomers and nuclei are consumed in the reaction 

medium [115]. 

As reported in different studies, the nuclei are formed throughout the dispersion 

polymerization and the number of particles is determined at the early stages. After 

the particle formation stage is completed, only the particle size increase as the 

polymerization proceeds [92, 93, 104, 116, 117]. According to various researchers, 

the number of stable particle is determined by the aggregation rate of nuclei and 

the stabilization kinetics. Also nuclei formed at later stages of the reaction become 

incorporated into the larger particles already present in the reaction [103, 104, 

106, 108]. The stabilizer has an important role in the particle formation during the 

polymerization and the stable particles can not be formed in the absence of 
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stabilizer [93, 114]. Therefore, the nucleation kinetics determines the initial number 

of particles and the stabilizer controls the particles size and size distribution. 

2.2.2. Multistep Microsuspension Polymerization for Synthesis of 

Functional, Monodisperse Porous Particles  

The multistage polymerization protocols give the opportunity to obtain functional 

polymeric particles. For the introduction of functional groups into the structure of 

relatively hydrophobic polymeric particles, hydrophilic acrylate or methacrylate 

based monomers are mostly preferred [115].  In the late 1970s, Ugelstad et al. 

reported that polymeric particles could absorb hydrophilic agents up to 100 times 

of their own volume and form stable emulsions [118]. The schematical description 

of seed latex preparation and multistep microsuspension polymerization is given in 

Figure 2.5.  

 

 

 

Figure 2.4. Schematical description of seed latex preparation and multistep 
microsuspension polymerization [115]. 

The first step shown in Figure 2.5. is the seed latex preparation from monomer(s) 

by emulsion or dispersion polymerization. The second step shows the description 

of multistep microsuspension polymerization, in which the seed latex is swollen by 

an activator (i.e. ethylbenzene) in the first stage. In the second stage, the swollen 

seed latex is reswollen by an organic mixture containing functional monomer, 

crosslinker and initiator. In the last stage the polymerization of monomer phase 

within the swollen seed latex particles is performed. The multistep 
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microsuspension polymerization results in large, porous and monodisperse 

polymeric particles [115].  

The work reported by Frechet and co-workers is a typical example for the 

multistep microsuspension polymerization [119]. In this work, polystyrene seed 

latex was first prepared by emulsion polymerization and the seed latex was 

swollen by dibutylphthalate, to activate the seed latex before the swelling stage 

with the monomers of propargyl acrylate and EDMA. At the end of the 

polymerization, monodisperse functional microbeads 5 µm in size were obtained. 

With a similar polymerization procedure uniform the polystyrene particles with 

different functionalities (carboxyl, amine, amide, hydroxyl, aldehyde) were also 

obtained [120]. Tuncel and co-workers reported a multistage approach for the 

preparation of monodisperse porous functional polymeric particles [121]. In the 

referred study, nonporous seed latex was produced by dispersion polymerization. 

Then the seed latex was subsequently swollen by using a diluent in the first stage.  

In the second stage, the monomer phase was adsorbed by the swollen seed latex. 

Finally, the repolymerization of the monomer phase was achieved in the swollen 

seed latex [121]. 

The multistep microsuspension polymerization bands together the advantages of 

emulsion/dispersion polymerizations and suspension polymerization to form 

functional monodisperse porous polymeric particles in different sizes. However, 

multi-step polymerization requires a good knowledge and experience to obtain the 

desired particles [122]. 

2.3. Applications of Titanium Dioxide Particles 

Mesoporous titanium dioxide particles have been extensively used in many 

products like sunscreens, paints, ointments and toothpaste. After the discovery of 

photocatalytic splitting of water on a TiO2 electrode under UV light, many studies 

has been bent on the application areas of TiO2 materials (Figure 2.6.) like 

photocatalysis, air/water purification, solar cells and hydrogen evolution [123]. 
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Figure 2.5. Applications of TiO2 photocatalysis [123]. 

As the morphology and crystal structure of mesoporous titania materials will differ 

in different applications, controlling the morphological and structural properties of 

mesoporous titania is greatly important.  

Peng et al reported a method for the hydrothermal synthesis of mesoporous titania 

nanoparticles by using a surfactant as a structure-directing agent. The titania 

nanoparticles had a high surface area and exhibited  high photocatalytic activity for 

oxidation of Rhodamine B [124].  

Thermally stable mesoporous anatase with high crystallinity, large surface area 

and large pore size (10 nm) was synthesized by Zhou et al [125]. The 

photocatalytic activity of this material was tested by the degradation of 2,4-

dichlorophenol under  UV irradiation. Dai et al used the La-doped mesoporous 

titania nanoparticles for the degradation of phoxim, which is a high toxic pesticide 

[126]. 
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One of the most popular materials used in dye sensitized solar cells (DSSCs) is 

also titanium dioxide. As the particle size and shape of titanium dioxide is 

important for the efficiency of DSSCs [127], titanium dioxide types with different 

shapes, such as nanoparticles, nanotubes, nanowires and nanofibers were used 

in the fabrication of the porous film electrodes [128–130]. Khan et al showed that 

the conversion efficiency of DSSCs was affected by surface area and pore volume 

of nanocrystalline titania containing anatase phase [131]. Zhao et al investigated 

the effect of annealing temperature of porous electrodes, which are fabricated with 

mesoporous titania nanoparticles, on the photoelectrochemical properties of 

DSSCs [132]. They also reported that the mesostructures of mesoporous titania 

nanoparticles improved the dye adsorption and thus the photoelectrochemical 

properties of DSSCs. Recently, mesoporous titania has been used in the gas 

sensor studies. Benkstein and Semancik showed that mesoporous titania films 

could be used as gas sensor materials [133]. Devi et al prepared hydrogen (H2) 

and carbon monoxide (CO) sensors with mesoporous titania and reported that the 

sensors were more sensitive due to their higher surface areas [134].  Despite the 

other application areas, a little work has been published about the biomedical 

applications. Recently, Wu et al have reported the biomedical application for 

mesoporous titania. The viability tests showed that titania material had a good 

biocompatibility till a concentration of 0.4 g. L−1. They also showed that the 

synthesized titania was an excellent drug delivery platform [135]. 

2.3.1. Support for catalysis 

In classical heterogeneous catalysis, the catalysts (often a metal, an oxide, or a 

sulfide) are in the form of small particles in the nanometer range. The reason of 

using catalysts in small size is to obtain higher surface areas as the catalytic 

reactions occur on the surface of the particles. Unfortunately, the particles in 

nanometer scale are not stable and they tend to agglomerate. To overcome this 

disadvantage, different supports with high surface areas can be used to keep the 

active catalyst in the dispersed state in the reaction medium [136].  

There are different studies in literature concerning the gold nanoparticle supported 

titania catalyst for the reduction reactions [137-140]. 
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Camargo and co-workers described a facile approach for the decoration gold 

nanoparticles on titania spheres and investigated the catalytic activity of the gold 

nanoparticle decorated titania spheres as a function of composition and particle 

size by employing the reduction of 4-NP as a model reaction [141]. 

Yazid et al prepared gold nanoparticles supported on titania for the reduction of 

nitrophenol by deposition-precipitation method. The effect of gold nanoparticle size 

and pH on the catalytic activity was investigated [142]. 

2.3.2. Photocatalysis 

The research of Fujishima and Honda, which figured out the possibility of water 

splitting with titania, reported in 1972 contributed an understanding in the 

heterogeneous photocatalytic processes [143]. In heterogeneous photocatalysis, 

semiconductor metal oxides are used as a photocatalysts with UV irradiation [5]. 

Heterogeneous photocatalysis can be considered under AOPs and is a promising 

method for the degradation of toxic organic molecules [145]. Different from other 

AOPs, the semiconductor metal oxides are used as a catalyst in photocatalysis 

instead of oxidants like H2O2 and O3 which are expensive reactants [5]. 

For a heterogeneous photocatalysis, the overall process can be summarized in 

independent steps given below [146]: 

i. Diffusion of the reactants to the surface of the photocatalyst; 

ii. Adsorption of the reactants; 

iii. Reaction in the adsorbed phase; 

iv. Desorption of the products; 

v. Removal of the products from the photocatalyst. 

Organic compounds like alkanes or alkenes, phenolic compounds, aromatics, 

textile dyes can be degraded with heterogeneous photocatalysis under ambient 

temperatures[147]. In the literature, many studies in different application areas 

were made about heterogeneous photocatalysis with titania [11-24, 148, 149]. 

The advantages of the heterogeneous photocatalysis are:  

1) no additives are required,  

2) cheap chemicals can be used for the preparation of photocatalysts,  
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3) total mineralization is achieved for most of the organic compounds [150]. 

2.3.2.1. General mechanism of photocatalytic reaction process 

The redox reaction which undergoes after UV-irradiation of the semiconductor 

metal oxide material provides the degradation of organic pollutants. When a 

photon with an energy higher than the band gap value of the semiconductor is 

absorbed by a particle, an electron excitated from the valance band to the 

conduction band by generating a photogenerated hole (hνb
+) in the valance band 

and a photogenerated electron (ecb
–) in the conduction band [151, 152]. 

The mechanism of the photocatalytic reaction process of titania is given by the 

Equations 1–12. 

Electron-hole pair formation: 

TiO2 +   hν             TiO2 + ecb
- + hνb

+     (1) 

Hole trapping: 

hνb
+   +   H2O          OH•  +  H+      (2) 

hνb
+    +   OH-          OH•      (3) 

Electron removal from the conduction band: 

ecb
-    +   O2         TiO2  +  O2

•-     (4)  

ecb
-     +  H2O2            TiO2  +   OH-  + OH•    (5) 

2O2
-·     +    2 H2O     H2O2  +  OH-   +   O2    (6) 

Oxidation of organic pollutant molecules: 

OH
·
+  O2 + CxOyH(2x-2y+2)   xCO2  + (x-y+1) H2O  (7) 

Non-productive radical reactions: 

ecb
-   + hνb

+ + TiO2      TiO2 + heat      (8) 

2 OH·   H2O2        (9) 

2HO2
·                   H2O2   +   O2      (10) 

2OH· + H2O2   2H2O   +  O2       (11) 

OH·  +  HCO3
-    CO3

-   +  H2O     (12) 
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The ecb
– and the hνb

+ can recombine on the surface or in the bulk of the titania 

particle in a short times (Eqn. (8)) or can be trapped in surface states where they 

can react with donor (D) or acceptor (A) species adsorbed or close to the surface 

of the titania particle (Figure 2.7.). 

 
 

Figure 2.6. Schematic representation of photochemical process in and on a titania 

particle [153]. 

Principally it is accepted that the initial step for photocatalytic degradation is the 

formation of reactive hydroxyl radicals (•OH) by hole trapping (Eqns. (2), (3)). The 

•OH is formed on the highly hydroxylated semiconductor surface. This process is 

immediately followed by the reduction of adsorbed oxygen species, derived either 

from dissolved oxygen molecules, or by other electron acceptors available.  

2.4. Factors affecting the photocatalytic process 

2.4.1. Structural and morphological properties of TiO2 

The photocatalytic activity of titania should be investigated by considering the 

effects of the crystal structure, surface area, pore size and the pore size 

distribution. 
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2.4.1.1. Crystal structure of TiO2 

The most active crystalline phase of titania is accepted as the anatase form. The 

higher efficiency obtained with anatase phase of titania can be attributed to the 

higher degree of hydroxylation compared to rutile phase. Also, the higher surface 

area of anatase phase of titania is another reason for the superior efficiency. 

However, some studies showed that pure anatase did not always perform the best 

photocatalytic performance [56, 57, 154]. The results obtained from different 

studies can be concluded that the presence of rutile phase may introduce 

mesoporosity and a wider pore size distribution. 

2.4.1.2. Surface area of TiO2 

The surface area of titania photocatalysts is directly related with the concentration 

of active sites for adsorption and reaction. A large surface area can be resulted in 

large amounts of substrate adsorption, which is an important factor in 

photodegradation reactions. However, titania with higher surface areas are 

associated with the crystal lattice defects, which leads to a poor photocatalytic 

activity [155]. It was reported that a morphous titania did not show a photocatalytic 

activity which means that crystalline structure is an important factor [156]. 

Therefore, to obtain the maximum photocatalytic activity the surface area and 

crystallinity of the photocatalyst should be adjusted. 

2.4.1.3. Particle dimensions of TiO2 

The particle size plays an important role in the photocatalytic activity of the titania, 

since the electron/hole recombination process depends on the particle size 

dependent. Also the particle size is an important parameter in heterogeneous 

photocatalysis as it directly changes the specific surface area and the number of 

active surface sites of the photocatalyst [157, 158]. 

2.4.2. Operational parameters 

It is obvious that operational parameters related with each agent (water, organic 

substrate, catalyst, light and oxygen) involved in photocatalytic reactions may 

affect the photocatalytic activity. There are several operating conditions that affect 

the photocatalytic activity including catalyst loading, substrate concentration, pH, 

temperature, oxygen supply and light intensity. 
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2.4.2.1. Catalyst loading 

The mass of the photocatalyst is directly proportional to the initial reaction rate in 

photocatalytic processes. However, the reaction rate becomes independent of the 

mass of photocatalyst after a certain amount of photocatalyst. The reason of this 

limitation is that in each reaction medium there is a maximum amount of 

photocatalyst in which allof the particles are fully illuminated. Therefore, in 

photocatalytic applications it is important to obtain the the optimum photocatalyst 

amount to avoid using excess photocatalyst [147]. 

2.4.2.2. Substrate concentration 

The photocatalytic reactions occur on the surface of the photocatalysts, therefore, 

higher amount of substrate adsorbed on the photocatalyst is favored. In kinetic 

modelling studies, it was reported that most of the photocatalytic reactions follow a 

Langmuir-Hinshelwood kinetic rate model, which means that at high initial 

substrate concentration the catalytic sites of photocatalysts are occupied. As a 

result, increasing the initial substrate concentration after a certain concentration 

decreases the observed rate constant. Also the photocatalytic reaction 

intermediates adsorbed on photocatalysts affect the rate constant negatively [159, 

160]. 

2.4.2.3. pH 

The change in the pH directly affects the surface charge of titania particles due to 

the amphoteric (point of zero charge at pH~6.5) nature of titania particles. The 

surface of titania particles are protonated or deprotonated under acidic and 

alkaline conditions, respectively. Also, the pH affects the surface charge ofthe 

substrate depending on its pKa. Therefore, the electrostatic interaction between 

the titania particles and substrate accordingly the adsorption of substrate on titania 

particles directly changes with pH. It can be concluded that pH is an important 

parameter that influences photocatalytic reaction rate [161]. 

2.4.2.4. Temperature 

Heating is not required in photocatalytic reactions due to photonic activation, thus 

photocatalytic reactions occur at room temperature.  This is a crucial point in the 

purification systems as there is no need to apply energy to photocatalytic systems 

[6]. 
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2.4.2.5. Oxygen supply 

In liquid phase reactions it is assumedthat dissolved oxygen (according to Henry‘s 

law) adsorbs on titania particles from the liquid phase. If oxygen is continuously 

supplied to the medium, it can be assumed that its coverage at the surface of TiO2 

is constant which results in a constant reaction rate [147]. Increasing the amount 

of dissolved oxygen can reduce the unwanted electron and hole recombinations, 

but also it can decrease the adsorption of substrate according to the 

concentration.  

2.4.2.6. Light Intensity 

The light source and light intensity is an important parameter that should be taken 

into consideration in the design of the reactor [162]. In the literature there are 

some studies that investigated the effect of light intensity on photocatalysis 

[163,164]. 

2.5. Trends to improve TiO2 activity 

As mentioned before titania is the most preferred semiconductor in photocatalysis 

applications as it is the most active photocatalyst. However, it was observed that a 

great effort has been shown to improve photocatalytic activity of titania in recent 

studies including modifications by metal doping, mixing with other semiconductors 

and addition of inert supports [10, 165]. 

2.5.1. TiO2 doping 

Doping titania with transitions metals may result in an enhancement on the 

photocatalytic activity. In literature it was reported that several metals like Au, Ag, 

Sn were doped on titania to increase the photocatalytic activity by decreasing the 

value of band gap of titania [166-169]. The dopants can increase the 

photocatalytic activity by working as hole and electron traps or compromising 

interfacial charge transfer. When the dopant works as an electron trap, the lifetime 

of the generated charge carriers will increase and as a result an enhancement was 

observed in the photocatalytic. However, longer lifetimes may result in  lower 

redox potential and as a result inhibition was observed in the photocatalytic activity 

of the photocatalyst. 
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Also the concentration of the metal dopant on the titania is an important parameter 

on the photocatalytic activity. The space-charge region, in which electron/hole 

pairs are separated by a large electric field before recombination, becomes 

narrower by increasing the concentration of the metal dopant. Therefore, at higher 

concentrations of the metal dopant the recombination of electron/hole pairs in the 

titania increases due to narrow space-charge region which is detrimental for the 

photocatalytic activity. It can be concluded that there should be an optimum 

concentration for the metal dopants [167-169]. 

2.5.1.1. Gold Nanoparticle (AuNP) Synthesis 

Gold nanoparticles (AuNPs) are synthesized with different methods but generally 

different reducing agents are used for the reduction of chloroauric acid (HAuCl4) 

[170-175]. In these reduction processes Au3+ is reduced to form gold 

nanoparticles. In Turkevich method, citrate ions were used both for the reduction 

of Au3+ and the stabilization of obtained AuNPs in water [173]. AuNPs in low sizes 

were obtained in organic liquids with Brust method [174]. The Martin method 

introduced a new route for the synthesis of AuNPs in which ―naked‖ monodisperse 

AuNPs are generated in water due to the reduction of HAuCl4 by sodium 

borohydride (NaBH4) [175].  

2.5.1.1.1. Turkevich Method 

This method was initiated in 1951 by Turkevich [173, 176]. Later on the method 

was improved by G. Frens in 1970 [177, 178]. In this method AuNPs were formed 

by the reduction of chloroauric acid with citrate ions, which is used as both 

reducing and stabilizing agent. The size of spherical AuNPs obtainedwith this 

method varies between 10-20 nm depending on citrate concentration. Decreasing 

the concentration of citrate ions results in nanoparticles with larger sizes.  

2.5.1.1.2. Martin Method 

This new method was introduced to literature in 2010 [175] and in this method 

NaBH4 was used as reducing agent for the reduction of HAuCl4 to form AuNPs. As 

a result monodispersed AuNPs were obtained in the size of 3-5 nm without a 

stabilizing agent. It should be noted that stabilized aqueous solutions of HAuCl4 

and  NaBH4 were prepared by using HCl and NaOH solutions, respectively. 
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2.5.1.2. Magnetic Nanoparticle Synthesis 

Different methods have been used for the synthesis magnetic nanoparticles 

(MNPs), including co-precipitation, sol-gel synthesis, microemulsion synthesis, 

hydrothermal reaction, thermal decomposition [179-183]. Co-precipitation method 

is the classical method, in which iron salts in a stoichiometric ratio are used to 

prepare iron oxide nanoparticles [184]. The operational parameters like pH, 

reaction temperature influences the morphology and size of the MNPs. 

2.5.1.2.1. Co-precipitation method 

The co-precipitation method, which was found by Massart [185], is the simplest 

classical method to synthesize iron oxide nanoparticles. In this method Fe2+ and 

Fe3+ ions in a molar ratio of 1:2 are co-precipitated in a basic solution to form iron 

oxide nanoparticles. As the iron ions are sensitive to oxidation, an inert gas is 

purged to the reaction medium to prevent the transformation of magnetite form to 

maghemite. Unfortunately, the control of nanoparticle size in co-precipitation 

synthesis method is not good which means that agglomerations can occur. To 

obtain nanoparticles in narrow size distribution, the nucleation time should very 

short and nucleation step should be separated from growth step, which is shown in 

LaMer diagram [186]. The size and the morphology of the magnetic nanoparticles 

can be varied by changing the solution pH, type of iron salts, temperature, and 

reaction time.  
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3. EXPERIMENTAL METHODS 

In this thesis, a new sol-gel templating method was constructed by using -SO3Na 

attached-poly(HPMA-Cl-co-EDMA) microbeads and magnetic poly(HPMA-Cl-co-

EDMA) microbeads as templates for the synthesis of bare and magnetic titania 

microbeads, respectively. Multistep microsuspension polymerization method was 

used for the preparation of monodisperse-porous poly(HPMA-Cl-co-EDMA) 

microbeads. The surface morphology, size, porous structure and specific surface 

area of the monodisperse-porous poly(HPMA-Cl-co-EDMA) were varied by 

changing the feed concentration of crosslinking agent. 

Monodisperse-porous bare titania microbeads in different sizes, porous structures 

and specific surface areas were obtained by using -SO3Na attached poly(HPMA-

Cl-co-EDMA) microbeads with different feed concentrations and crosslinking 

densities. On the other hand, monodisperse-porous magnetic titania microbeads 

were obtained by using magnetic poly(HPMA-Cl-co-EDMA) microbeads as the 

template material.  

AuNP decorated bare and magnetic titania microbeads were also synthesized by 

the treatment of gold nanoparticle solutions with the amine attached bare and 

magnetic titania microbeads. These materials were tested as catalysts in 

photocatalytic and plasmonic catalyic activity measurements. The photocatalytic 

and plasmonic catalytic activity measurements of TiO2 based materials were 

carried out by considering operational parameters such as pH, catalyst 

concentration, crystal composition and surface area, initial reactant concentration, 

temperature, AuNP size and Au loading. 

 

3.1. Synthesis of Monodisperse-Porous poly(HPMA-Cl-co-EDMA) Microbeads 

3.1.1. Materials 

For the synthesis of monodisperse-porous poly(3-chloro-2-hydroxypropyl 

methacrylate-co-ethylene glycol dimethacrylate) [poly(HPMA-Cl-co-EDMA)] 

microbeads; the monomers, glycidyl methacrylate (GMA), 3-chloro-2-

hydroxypropyl methacrylate (HPMA-Cl), the crosslinking agent, ethylene 

dimethacrylate (EDMA), and the diluent, ethylbenzene (EB) were supplied from 
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Aldrich Chem. Corp., USA. The initiator, benzoyl peroxide (BPO), the stabilizers, 

polyvinyl alcohol (PVA, 87–89 % hydrolyzed, Mw= 85,000–146,000 Da) and 

polyvinylpyrollidone (PVP K-30, Sigma, average molecular weight: 40.000 Da), the 

emulsifier, sodium dodecyl sulfate (SDS) were supplied from Aldrich.  The initiator, 

BPO was dried under vacuum at 30 ºC before use. 2,2-azobisisobutyronitrile 

(AIBN) supplied from Across Organics, USA were recrystallized from methanol 

before use. Ethanol (EtOH, HPLC grade, Merck A.G., Darmstadt, Germany) and 

tetrahydrofuran (THF, HPLC grade, Aldrich) were used as the solvents. Distilled 

deionized (DDI) water (Direct-Q 3 UV (Type 1), Millipore, USA) with a resistivity of 

18 MΩ cm was used during all synthesis runs. 

3.1.2. Synthesis of GMA Seed Latex 

Monodisperse poly(GMA) seed latex particles 2.5 μm in size were obtained by the 

dispersion polymerization of GMA monomer.  

The conditions of the dispersion polymerization were given in Table 3.1. 

Table 3.1. Experimental conditions of dispersion polymerization of GMA monomer 

for the synthesis poly(GMA) seed latex. 

        Materials                       Amount 

Solvent Absolute Ethanol     30 mL 

Stabilizer       PVPK-30      0.45 g 

Monomer          GMA       3 mL 

           Initiator          AIBN      0.24 g 

Polymerization conditions 

   Temperature  70 oC 

         Time    24 h 

      Shaking rate  120 rpm 

 

PVPK-30 (0.45 g), as stabilizer, was dissolved in 30 mL absolute ethanol in a 

glass polymerization reactor. The monomer, GMA (3 mL) and the initiator, AIBN 

were added to the solution and sonicated in ultrasonic bath (Bransonic 200, UK) till 
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AIBN was dissolved. Then the glass polymerization reactor was sealed carefully 

and placed in a temperature-controlled shaking water bath (Memmert Type WB 

14, Germany) at room room temperature. The temperature-controlled shaking 

water bath with a shaking rate of 120 cpm was heated to 70 ºC and the 

polymerization was carried out under these conditions. After 24 hours,  the sealed 

glass polymerization reactor was taken from the temperature-controlled shaking 

water bath and cooled down to room temperature. Poly(GMA) seed latex was 

isolated by centrifugation (2000 rpm, 3 min) and then washed with EtOH and DDI 

water for several times and finally dispersed in DDI water [187]. The amount of 

poly(GMA) seed latex in a certain volume was obtained by gravimetric analysis. 

For this purpose, 1 mL of poly(GMA) seed latex solution was dried in a container 

at 70 ºC for 24 h. The change in the weight of the container gave the amount of 

solid in 1 mL of poly(GMA) seed latex solution. 

3.1.3. Synthesis of Monodisperse-Porous Poly(HPMA-Cl-co-EDMA)  

Microbeads by Multistep Microsuspension Polymerization 

For the synthesis of monodisperse-porous poly(HPMA-Cl-co-EDMA) microbeads  

‗multistep microsuspension polymerization‘ was used. The scheme of the multistep 

microsuspension polymerization is given in Figure 3.1. 

 

 
 

Figure 3.1. Synthesis of poly(HPMA-Cl-co-EDMA) microbeads by multistep 

microsuspension polymerization. 

In the first stage, poly(GMA) seed latex particles were swollen by an organic 

diluent in an aqueous emulsion medium by preserving the monodispersity of the 

seed latex particles. For this purpose, SDS (0.125 g) was dissolved in distilled 

water (50 mL); and the diluent (EB, 2.5 mL) was added into this solution. The 

resulting medium was sonicated for 8 min for dispersion of EB in the form of 

micron-size droplets in the aqueous medium. After emulsification, the aqueous 
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dispersion of poly(GMA) seed latex particles (0.3 g) was added to the emulsion 

and sonicated for 4 minutes. The medium was stirred at room temperature for 24 h 

for complete absorption of EB by the seed latex particles. In the second stage, the 

diluent swollen seed latex particles were reswollen by the monomer phase, 

containing HPMA-Cl (3.5 mL) and EDMA (1.5 mL) and the initiator, BPO (0.3 g). 

For this purpose, the monomer phase was emulsified in water (50 mL) containing 

SDS (0.125 g) by sonication for 12 minutes. After sonication, the emulsion was 

added to the aqueous dispersion of diluent-swollen seed latex particles prepared 

in the first step. The resulting dispersion was stirred at room temperature for 24 h 

for complete absorption of monomer phase by the seed particles. Then, the 

stabilizer PVA (0.8 g in 10 mL DDI water) was added to the resulting dispersion. In 

the last stage, the monomer phase was polymerized within the swollen seed latex 

particles. For this purpose, the temperature was increased to 80 ºC and the 

polymerization was performed in a temperature-controlled shaking water bath kept 

at this temperature with a shaking rate of 120 rpm for 24 h [188].  

The monodisperse-porous poly(HPMA-Cl-co-EDMA) microbeads were isolated by 

centrifugation and then washed with EtOH several times and extracted with THF. 

The polymer microbeads were then extensively washed with EtOH and DDI water 

and finally dispersed in DDI water. The amount of poly(HPMA-Cl-co-EDMA) 

microbeads in a certain volume was obtained by gravimetric analysis.  

In order to obtain monosized-porous titania microbeads with different size and 

porous properties, poly(HPMA-Cl-co-EDMA) microbeads prepared with different 

crosslinking agent feed concentrations. For this purpose, the feed concentration of 

EDMA in the monomer phase (i.e. HPMA-Cl + EDMA) was changed between 15-

100 % v/v by keeping the total volume of monomer phase constant.  

Experimental conditions of poly(HPMA-Cl-co-EDMA) microbeads synthesized with 

different crosslinking agent feed concentrations are given in Table 3.2. 
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Table 3.2. Experimental conditions of synthesized poly(HPMA-Cl-co-EDMA) 

microbeads with different crosslinking agent feed concentrations. 

  Volume percents of  
crosslinking agent of   Poly(GMA)  HPMA-Cl   EGDMA    EB     BPO      PVA  
   poly(HPMA-Cl-co-       seed latex  (mL)          (mL)    (mL)   (g)   (g/10 mL) 
EDMA) microbeads              (g) 
        (% v/v)       

 15       0.3   4.25         0.75         2.5      0.3         0.8 

30       0.3   3.50         1.50         2.5      0.3         0.8 

50         0.3   2.50         2.50         2.5      0.3         0.8 

70       0.3   1.50         3.50         2.5      0.3         0.8 

85        0.3   0.75         4.25         2.5      0.3         0.8 

Conditions: Poly(GMA) seed latex: 0.3 g; EB: 2.5 mL; SDS: 0.25 % (w/w) both in 

diluent and monomer swelling stages; PVA: 0.8 g. Diluent and monomer swelling , 

22 ºC, 24 h, and 250 rpm stirring rate; polymerization, 80 ºC, 24 h, and 120 rpm 

shaking rate. 

3.2. Derivatization of Monodisperse-Porous Poly(HPMA-Cl-co-EDMA) 

Microbeads 

3.2.1. Materials 

Sodium bisulfite (NaHSO3, Sigma Chemical Co., St. Louis, MO, USA) and 

ethylene diamine (EDA, Sigma Chemical Co., St. Louis, MO, USA) was used for 

the derivatization of poly(HPMA-Cl-co-EDMA) microbeads with NaHSO3 and EDA, 

respectively. Distilled deionized (DDI) water (Direct-Q 3 UV (Type 1), Millipore, 

USA) with a resistivity of 18 MΩ cm was used during all derivatizations. 

3.2.2. Derivatization of poly(HPMA-Cl-co-EDMA) microbeads with sodium 

bisulfite 

Poly(HPMA-Cl-co-EDMA) microbeads were derivatized with NaHSO3 for the 

synthesis of a polymeric template with strong cation-exchanger functionality. The 

reaction mechanism for the derivatization of poly(HPMA-Cl-co-EDMA) microbeads 

with NaHSO3  is given in Figure 3.2. 
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Figure 3.2. Reaction mechanism for the derivatization of poly(HPMA-Cl-co-EDMA) 

microbeads with NaHSO3. 

For this purpose, poly(HPMA-Cl-co-EDMA) microbeads (1.5 g) were treated with 

NaHSO3 solution (20 mL, %5 w/v) in a sealed glass reactor. The reactor was kept 

in a temperature-controlled shaking water bath at 80 ºC for 24 h with a shaking 

rate of 120 rpm. After derivatization, -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads were washed with DDI water by centrifugation (5000 rpm, for 3 min) 

and decantation for several times. -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads were dispersed in DDI water and the amount of microbeads in a 

certain volume was obtained by gravimetric analysis. 

3.2.3. Derivatization of poly(HPMA-Cl-co-EDMA) microbeads with EDA 

Poly(HPMA-Cl-co-EDMA) microbeads were derivatized with EDA for the 

generation of primary amine groups within the particles for the impregnation of iron 

ions. The reaction mechanism for the derivatization of poly(HPMA-Cl-co-EDMA) 

microbeads with EDA is given in Figure 3.3. 

 

 

 

Figure 3.3. Reaction mechanism for the derivatization of poly(HPMA-Cl-co-EDMA) 

microbeads with EDA. 

For this purpose, poly(HPMA-Cl-co-EDMA) microbeads (2 g) were treated with 

EDA solution (12.5 mL, %60 v/v) in a sealed glass reactor. The reactor was kept in 

a temperature-controlled shaking water bath at 80 ºC for 12 h [189]. After 
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derivatization, amine attached-poly(HPMA-Cl-co-EDMA) microbeads were washed 

with DDI water by centrifugation (5000 rpm, for 3 min) and decantation for several 

times to remove the excess EDA. Finally, amine attached-poly(HPMA-Cl-co-

EDMA) microbeads were dispersed in DDI water and the amount of microbeads in 

a certain volume was obtained by gravimetric analysis. 

3.3. Synthesis of magnetic poly(HPMA-Cl-co-EDMA) microbeads 

3.3.1. Materials 

For the synthesis of magnetic poly(HPMA-Cl-co-EDMA) microbeads FeCl3.6H2O 

(Sigma Chemical Co., St. Louis, MO, USA ) and FeCl2.4H2O (Sigma Chemical 

Co., St. Louis, MO, USA) were used as iron salts. Ammonium hydroxide solution 

(NH4OH, 26 % w/w), used for the reduction of iron salts, was also purchased from 

Sigma. Hydrochloric acid (HCl, 37 % w/w) was obtained from  Sigma Chemical 

Co., St. Louis, MO, USA. Distilled deionized (DDI) water (Direct-Q 3 UV (Type 1), 

Millipore, USA) with a resistivity of 18 MΩ cm was used during the synthesis and 

washing steps. 

3.3.2. Magnetization of amine attached-poly(HPMA-Cl-co-EDMA) microbeads 

Magnetic poly(HPMA-Cl-co-EDMA) microbeads were obtained by in-situ co-

precipitation method by using iron salts and primary amine attached-poly(HPMA-

Cl-co-EDMA) microbeads. The scheme for the synthesis of magnetic poly(HPMA-

Cl-co-EDMA) microbeads by in-situ co-precipitation method is given in Figure 3.4. 
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Figure 3.4. Synthesis of magnetic poly(HPMA-Cl-co-EDMA) microbeads by in-situ 

co-precipitation method. 

Typically, 2 g of primary amine attached-poly(HPMA-Cl-co-EDMA) microbeads 

were added into  a flask containing 100 mL water. The mixture was cooled in a 

water bath under nitrogen gas bubbling. FeCl3.6H2O (3 mmol, 0.8 g) and 

FeCl2.4H2O (2.7 mmol, 0.536 g) were dissolved in 20 mL H2O. Then the iron ions 

solution was added to the flask and a light brown color mixture was obtained. The 

ice bath was removed and the flask was continuously evacuated with the mixture 

kept stirring until no further foaming in the mixture was observed. The evacuation 

was stopped and flask was immersed in a preheated water bath at 85 oC.  25 mL 

of NH4OH was then added. The reaction mixture turned gradually to black. The 

mixture was kept stirring at 85 oC for 1 h, then cooled to room temperature. The 

resultant magnetic microbeads were centrifuged and thoroughly washed with 

water and 0.1M HCl [189]. Finally, magnetic microbeads were dispersed in DDI 

water and the amount of magnetic microbeads in a certain volume was obtained 

by gravimetric analysis. 
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3.4. Synthesis of Monodisperse-Porous Bare and Magnetic Titania 

Microbeads 

3.4.1. Materials 

For the synthesis of monodisperse-porous bare and magnetic titania microbeads, 

titanium chloride (TiCl4, Sigma Chemical Co., St. Louis, MO, USA) as precursor, 

ammonium hydroxide solution (NH4OH, 26 % w/w, Sigma Chemical Co., St. Louis, 

MO, USA) and hexadecyltrimethylammonium bromide (CTAB, Sigma Chemical 

Co., St. Louis, MO, USA) were used. Distilled deionized (DDI) water (Direct-Q 3 

UV (Type 1), Millipore, USA) with a resistivity of 18 MΩ cm was used during all 

synthesis. 

3.4.2. Synthesis of Monodisperse-Porous Bare and Magnetic Titania 

Microbeads by Sol-Gel Templating Method 

The syntheses of bare and magnetic titania microbeads were performed by sol-gel 

templating method using -SO3Na attached and magnetic poly(HPMA-Cl-co-EDMA 

microbeads as template, respectively. The schematical representation of the sol-

gel templating method for the synthesis of monodisperse-porous bare and 

magnetic titania microbeads is given in Figure 3.5. 

 

Figure 3.5. Synthesis of monodisperse-porous (A): bare and (B): magnetic titania 

microbeads by sol-gel templating method. 
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The proposed procedure consists of two steps. In the first step, the hydrous 

titanium dioxide (TiO2.nH2O) nanoparticles were formed via the hydrolysis reaction 

by the dissolution of precursor (TiCl4) in an aqueous medium (60 mL, 0.1 M). 

Then, -SO3Na attached or magnetic poly(HPMA-Cl-co-EDMA) microbeads (0.4 g) 

were dispersed within the precursor solution and stirred at 250 rpm at room 

temperature for 24 h. -SO3Na attached or magnetic poly(HPMA-Cl-co-EDMA) 

microbeads, in which hydrous titanium dioxide (TiO2.nH2O) nanoparticles were 

adsorbed, were extensively washed with DDI water. In the second step, 

microbeads were treated with ammonia solution (60 mL, 1 M) containing CTAB 

(0.3 g) and the solution was stirred at 250 rpm at room temperature for 6 h. Upon 

the treatment with ammonia solution, the hydrous titanium oxide (TiO2.nH2O) 

nanoparticles were precipitated into the pores of -SO3Na attached or magnetic 

poly(HPMA-Cl-co-EDMA) microbeads to form bare or magnetic titania-polymer 

composite microbeads. To remove the excess chloride ions, bare and magnetic 

titania-polymer composite microbeads were washed with DDI water by 

centrifugation and decantation for several times. The hydrolysis and ammonia 

precipitation steps were repeated twice in order to get integrated bare or magnetic 

titania microbeads. Before the calcination, bare or magnetic titania-polymer 

composite microbeads were dried at 70 ºC under vacuum for 12 h. The polymeric 

templates were removed from the bare or magnetic titania-polymer composite 

microbeads by calcination [190]. The calcination of bare titania-polymer composite 

microbeads was made at different temperatures (450 ºC, 500 ºC, 550 ºC, 600 ºC) 

for 4 h with a heating ramp of 2 ºC/min, under air atmosphere. However, the 

calcination of magnetic titania-polymer composite microbeads was performed only 

at 450 ºC. 

3.5. Synthesis of Gold Nanoparticle Decorated Monodisperse-Porous Bare 

and MagneticTitania Microbeads 

3.5.1. Materials 

Aminopropyltriethoxysilane (APTES, Sigma Chemical Co., St. Louis, MO, USA), 

triethylamine (TEA, Sigma Chemical Co., St. Louis, MO, USA) was used for the 

derivatization of monodisperse-porous bare and magnetic titania microbeads with 

amine groups. Isopropanol (IsOH, HPLC grade, Aldrich) was used as the solvent. 
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For the synthesis of gold nanoparticles (AuNPs), chloroauric acid-trihydrate 

(HAuCl4.3H2O, Sigma Chemical Co., St. Louis, MO, USA), trisodium citrate (TSS, 

Sigma Chemical Co., St. Louis, MO, USA), sodium borohydride (NaBH4, Sigma 

Chemical Co., St. Louis, MO, USA) were used. Sodium hydroxide (NaOH, Sigma 

Chemical Co., St. Louis, MO, USA) and hydrochloric acid (HCl, %37 w/w, Sigma 

Chemical Co., St. Louis, MO, USA) were used for the preparation of NaBH4 and 

HAuCl4 solutions, respectively. Distilled deionized (DDI) water (Direct-Q 3 UV 

(Type 1), Millipore, USA) with a resistivity of 18 MΩ cm was used. 

3.5.2. Derivatization of Monodisperse-Porous Bare and MagneticTitania 

Microbeads with Aminopropyltriethoxysilane 

Monodisperse-porous bare or magnetic titania microbeads were derivatized with 

APTES for the preparation of amine attached bare or magnetic titania microbeads. 

The reaction mechanism for the derivatization of monodisperse-porous bare or 

magnetic titania microbeads with APTES was given in Figure 3.6. 

 

 

Figure 3.6. Reaction mechanism for the derivatization of monodisperse-porous 

bare and magnetic titania microbeads with APTES. 

The monodisperse-porous bare or magnetic titania microbeads (0.4 g) were 

degassed at 250 ºC for 6 h to remove physically adsorbed water vapor before 

reaction with APTES. The microbeads (0.4 g) were then dispersed within Iso-

PrOH (20 mL), to which APTES (3 mL) and TEA (0.3 mL) were added by 

ultrasonication, in a sealed glass reactor. Then, the reactor was kept in a 

temperature-controlled shaking water bath at 80 ºC for 24 h. After derivatization, 

amine attached bare or magnetic titania microbeads were washed with Iso-PrOH 

by centrifugation (5000 rpm, for 3 min) and decantation for several times to 

remove the excess APTES. Then amine attached bare or magnetic titania 

microbeads were washed with DDI water and finally dispersed in DDI water. The 
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amount of amine attached-bare or magnetic titania microbeads in a certain volume 

was obtained by gravimetric analysis. 

3.5.3. Synthesis of AuNPs 

AuNPs are synthesized with two different methods using different reducing agents. 

In these processes, Au3+ is reduced to form AuNPs. In Turkevich method, citrate 

ions were used both for the reduction of Au3+ and the stabilization of resulting 

AuNPs in water. In the Martin method, AuNPs in relatively smaller sizes are 

generated in water due to the reduction of HAuCl4 by NaBH4 .  

3.5.4. Synthesis of AuNPs via Turkevich Method 

A solution of HAuCl4 (1.0 x 10-3 M , 24 mL) was magnetically stirred and heated 

until boiling. Then 2.0 mL of sodium citrate solution (1.75 % (w/v)) was added. The 

reduction of gold ions by citrate was completed within 5 min which was evident by 

the color change to deep red. The boiling was continued for further 15 min [173, 

176]. The solution was removed from the heating element and stirred magnetically 

at 250 rpm until it was cooled down to room temperature. 

 

Figure 3.7. Synthesis of AuNPs via Turkevich method. 

3.5.4.1. Synthesis of AuNPs via Martin Method 

An aqueous stock solution of 50 mM gold chloride anions (AuCl4-) in a glass vial 

was prepared by dissolving HAuCl4.3H2O with the same molar amount of HCl. An 

aqueous stock solution of 50 mM borohydride anions (BH4-) in a glass vial was 

prepared by dissolving NaBH4 with the same molar amount of NaOH. For the 

nanoparticles of 3.2 nm in diameter, 200 μL of the AuCl4-/H+ solution was added to 

40 mL of water in a glass vial and later 600 μL of the BH4-/OH- solution was 

injected all at once, while stirring for uniform mixing at 250 rpm. The concentration 

of gold ions in the final solution was 0.50 mM. The solution changed color from 
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light yellow to orange immediately, and then to red while the vial was stirred for 1 

min to release hydrogen [175]. 

 

Figure 3.8. Synthesis of AuNPs via Martin Method. 

 

3.5.5. Decoration of Monodisperse-Porous Bare or Magnetic Titania 

Microbeads with AuNPs 

For decoration of monodisperse-porous bare or magnetic titania microbeads with 

AuNPs, amine attached bare and magnetic titania microbeads were put into AuNP 

solutions obtained with Turkevich and Martin methods and stirred at 250 rpm for 6 

h at room temperature.  

 

Figure 3.9. Decoration of monodisperse-porous bare or magnetic titania 

microbeads with AuNPs. 

 

To change the Au loading (% w/w) on bare or magnetic titania microbeads, 

different amounts of amine attached bare or magnetic titania microbeads were put 

into the same volume of AuNP solutions synthesized with Turkevich and Martin 

methods. The details of experimental conditions showing the Au loading (% w/w) 

on bare or magnetic titania microbeads are given in Table 3.3. 
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Table 3.3. Experimental conditions for Au loading (% w/w) on bare and magnetic 

titania microbeads. 

        Turkevich Method            Martin Method 

  AuNP loading on        Amount of       AuNP loading on          Amount of 

   bare/magnetic      bare/magnetic           bare/magnetic         bare/magnetic     

 TiO2 microbeads   TiO2 microbeads       TiO2 microbeads     TiO2 microbeads 

        (% w/w)         (g)                       (% w/w)                         (g)  

 2.5    0.20          2.5         0.16 

           5.0    0.10          5.0         0.08 

          10.0      0.05        10.0         0.04  

Conditions: Turkevich AuNP solution  volume: 24 mL; Martin AuNP solution 

volume: 80 mL; Stirring: 250 rpm, 6 h. 

3.6. Characterization of Monodisperse-Porous Bare and Magnetic 

Poly(HPMA-Cl-co-EDMA) and Titania Microbeads 

The size distribution properties and the surface morphology of bare and magnetic 

poly(HPMA-Cl-co-EDMA) microbeads and bare and magnetic titania microbeads 

were determined by scanning electron microscopy (SEM; JEM 1200EX, JEOL, 

Akishima, Tokyo, Japan). For sample preparation, certain amount of dried 

microbeads were dispersed in an aqueous SDS solution (%0.1 w/v) by sonication 

for several minutes. Then 0.1 mL of dispesion was dropped onto a carbon tape 

and dried at room temperature. The dried samples were coated with gold by 

physical vapor deposition. 

The specific surface areas (SSAs) of bare and magnetic poly(HPMA-Cl-co-EDMA) 

and titania microbeads were determined  by surface area and pore size analyzer 

(Quantachrome, Nova 2200E, UK) using the Brunauer–Emmett–Teller (BET) 

equation. All samples were degassed under vacuum at 250 oC for 6 h in the port of 

the adsorption analyzer. After degassing the analysis were made at 77 K.  The 

BET specific surface area was calculated from nitrogen adsorption data in the 

relative pressure range from 0.05 to 0.2. 

The functional group content of -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads was determined by potentiometric titration. The functional group 
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content of amine attached-poly(HPMA-Cl-co-EDMA) and amine-attached-titania 

microbeads were determined by elemental analysis (Thermo-Scientific, Flash 

2000, A.B.D.). 

 

 

Figure 3.10. The equipments used for the characterization of poly(HPMA-Cl-co-

EDMA) microbeads (A) Quanta 200 FEG SEM, (B) Perkin Elmer 2400, (C) 

Quantachrome Nova 2200 BET. 

 

Thermal decomposition behaviour of poly(HPMA-Cl-co-EDMA) microbeads was 

characterized by differential scanning calorimeter (DSC, Diamond DSC, Perkin 

Elmer, USA) and Thermal Gravimetric Analysis (TGA, TG/DTA 6300 SII EXSTAR 

6000, Perkin Elmer, USA). The runs were carried out under nitrogen flow using a 

heating rate of  5 oC/min. The chemical structure of poly(HPMA-Cl-co-EDMA) and 

titania microbeads were investigated by X-ray diffraction spectroscopy (XRD, 

Rigaku, D/Max-2200, USA). Diffraction patterns were collected in the range 0º − 

90º (2θ) with a step size of 0.02º. 
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The magnetic properties of magnetic poly(HPMA-Cl-co-EDMA) microbeads and 

magnetic titania microbeads were measured at room temperature by vibrating 

sample magnetometer (VSM, Quantum Design, Model P525, USA).  

AuNPs were analyzed using a, UV-visible spectrophotometer (UV-Vis, Shimadzu, 

UV-1601, Japan). Each batch of AuNPs were analyzed by spectral scan in the 

range of 400-800 nm to identify the characteristic peak and for uniform size 

distribution. 

 

 

Figure 3.11. Devices used for the characterization of poly(HPMA-Cl-co-EDMA) 

microbeads (A) DSC, Diamond DSC, Perkin Elmer, (B) TGA, TG/DTA 6300 SII 

EXSTAR 6000, Perkin Elmer, (C) XRD, Rigaku, D/Max-2200. 

 

3.7. Catalysis Runs 

3.7.1. Materials 

In the photocatalytic activity runs, a textile dye Remazol Black 5 (RB5, Aldrich 

Chem. Corp., USA) and an organic contaminant, phenol (Aldrich Chem. Corp., 

USA) were used as target molecule to be degraded.  
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In the plasmonic catalysis runs, 4-Nitrophenol (4-NP, Aldrich Chem. Corp., USA) 

and sodiumborohydride (NaBH4, Aldrich Chem. Corp., USA) were used. The pH of 

the reaction medium was adjusted by 0.1 M HCl and 0.1 M NaOH. Distilled 

deionized (DDI) water (Direct-Q 3 UV (Type 1), Millipore, USA) with a resistivity of 

18 MΩ cm was used in all runs. 

3.7.2. Photocatalysis of Remazol Black 5 Dye 

3.7.2.1. Photocatalysis of Remazol Black 5 Dye with Bare Titania Microbeads 

Photocatalytic activity of monodisperse-porous bare titania microbeads was 

investigated by photodegradation of RB5 dye by changing calcination temperature, 

pH of reaction medium, catalyst concentration and RB5 dye concentration. 

Experimental conditions used in the photocatalytic degradation  of RB5 dye by 

monodisperse-porous bare titania microbeads are given in Table 3.4. 

Table 3.4. Experimental conditions and parameters changed in the photocatalysis 

of RB5 dye with monodisperse-porous bare titania microbeads. 

Experimental conditions Parameter Range 

80 mg catalyst, pH 3.5,  

25ppm RB5 dye 

Calcination temperature 

 (oC) 

 

  450, 500, 550, 600 

 

80 mg catalyst, 25 ppm RB5 
dye, Calcination at 450oC  

pH  

 

 3.5, 5.0, 7.0, 9.0 

 

 

25 ppm RB5 dye, pH 3.5 

Calcination at 450oC 

 

Catalyst amount 

 (mg) 

 

 20, 40, 80 

   

80 mg catalyst, pH 3.5 

Calcination at 450oC 

Dye concentration 

(ppm) 

 12.5, 25.0, 50.0 

Reaction volume: 100 mL 

Typically, bare titania microbeads (calcined at 450oC, 80 mg) were added into an 

aqueous solution of RB5 dye (25 ppm, 100 mL) and the resulting dispersion was 

ultrasonicated for 5 min at 200 W. pH was adjusted to a desired value in the range 

of 3.5-9.0 by adding HCl or NaOH solution (0.1 M). The dispersion was irradiated 
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from the top with a UV light-source (Osram, Ultra-vitalux lamp, 300 W) under 

magnetic stirring with 300 rpm at 25oC within a metal box equipped with a 

temperature-control system. For the determination of dye concentration in the 

aqueous medium at a certain time, the sample withdrawn from the reactor (2 mL) 

was centrifuged at 5000 rpm for 5 min in the dark. The concentration of RB5 dye 

was monitored by measuring the absorption of supernatant at 598 nm using UV-

Vis spectrophotometer (UV-1601, Shimadzu, Japan). 

3.7.2.2. Photocatalysis of Remazol Black 5 Dye with AuNP Decorated-Bare 

Titania Microbeads 

3.7.2.2.1. AuNP Decorated Bare Titania Microbeads by Turkevich Method 

The photocatalytic activity of AuNP decorated-bare titania microbeads was 

investigated by photodegradation of RB5 dye by changing pH of solution and Au 

loading on bare titania microbeads. Experimental conditions and parameters in the 

photocatalysis of RB5 dye with AuNP decorated-bare titania microbeads by 

Turkevich Method are given in Table 3.5. 

 

Table 3.5. Experimental conditions and parameters changed in the photocatalysis 

of RB5 dye with Turkevich AuNP decorated monodisperse-porous bare titania 

microbeads. 

Experimental conditions Variable Range 

80 mg catalyst, 25ppm RB5 dye,  

 

pH 

 

3.5, 5.0, 7.0, 9.0 

 

80 mg catalyst, 25 ppm RB5 dye, 
pH 7 

Au loading 

(% w/w) 

  2.5, 5.0, 10.0 

 

Calcination temperature: 450 oC, Reaction volume: 100 mL  

 

The same experimental procedure explained in Section 3.7.2.1 was applied for the 

photodegradation of RB5 dye with AuNP decorated-bare titania microbeads with 

Turkevich method. 
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3.7.2.2.2. AuNP Decorated Bare Titania Microbeads by Martin Method 

The photocatalytic activity of AuNP decorated bare titania microbeads by Martin 

method was investigated by the photodegradation of RB5 dye by changing Au 

loading on titania microbeads. Experimental conditions in the photocatalysis of 

RB5 dye with Martin AuNP decorated bare titania microbeads are given in Table 

3.6. 

Table 3.6. Experimental conditions in the photocatalysis of RB5 dye with Martin 

AuNP decorated bare titania microbeads. 

 

Experimental Conditions Parameter Range 

80 mg catalyst, 25ppm RB5 dye, 

pH 7 

Au loading  

(%w/w) 

 2.5, 5.0, 10.0 

 

Calcination temperature: 450 oC, Reaction volume: 100 mL  

 

The same experimental procedure explained in Section 3.7.2.1. was applied for 

the photodegradation of RB5 with Martin AuNP decorated bare titania microbeads. 

3.7.2.3. Photocatalysis of Remazol Black 5 Dye with Magnetic Titania 

Microbeads 

The photocatalytic activity of monodisperse-porous magnetic titania microbeads 

was investigated by photodegradation of RB5 dye by changing pH of solution, 

catalyst amount and RB5 dye concentration. Experimental conditions in the 

photocatalysis of RB5 dye with magnetic titania microbeads are given in Table 3.7. 
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Table 3.7. Experimental conditions and parameters changed in the photocatalysis 

of RB5 dye with monodisperse-porous magnetic titania microbeads. 

Experimental Conditions  Parameter Range   

80 mg catalyst, 25 ppm RB5 dye pH  

 

 3.5, 5.0, 7.0, 9.0 

 

25ppm RB5 dye, pH 3.5 Catalyst amount  

(mg) 

 20, 40, 80 

   

80 mg catalyst, pH 3.5 Dye concentration 

(ppm) 

 12.5, 25.0, 50.0 

      Calcination temperature: 450 oC, Reaction volume: 100 mL  

Typically, magnetic titania microbeads (calcined at 450oC, 80 mg) were added into 

an aqueous solution of RB5 dye (25 ppm, 100 mL) and the resulting dispersion 

was ultrasonicated for 5 min at 200 W. pH was adjusted to a desired value in the 

range of 3.5-9.0 by adding HCl or NaOH solution (0.1 M). The dispersion was 

irradiated from the top with a UV light-source (Osram, Ultra-vitalux lamp, 300 W) 

under mechanical stirring with 300 rpm at 25oC within a metal box equipped with a 

temperature-control system. For the determination of dye concentration in the 

aqueous medium at a certain time, 2 mL of sample was withdrawn from the 

reactor and magnetic titania microbeads were separated by an external magnet. 

The concentration of RB5 dye was monitored by measuring the absorption of 

supernatant at 598 nm using UV-Vis Spectrophotometer (UV-1601, Shimadzu, 

Japan).  

3.7.2.4. Photocatalysis of Remazol Black 5 Dye with AuNP Decorated 

Magnetic Titania Microbeads 

3.7.2.4.1. AuNP Decorated Magnetic Titania Microbeads by Turkevich 

Method 

The photocatalytic activity of Turkevich AuNP decorated magnetic titania 

microbeads was investigated by photodegradation of RB5 dye by changing the pH 

of reaction medium. Experimental conditions in the photocatalysis of RB5 dye with 
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Turkevich AuNP decorated monodisperse-porous magnetic titania microbeads are 

given in Table 3.8. 

Table 3.8. Experimental conditions in the photocatalysis of RB5 dye with 

Turkevich AuNP decorated magnetic titania microbeads. 

Experimental Conditions  Parameter Range 

80 mg catalyst, 25ppm RB5 dye,  

Au loading (5 % w/w) 

pH  

 

 3.5, 5.0, 7.0, 9.0 

 

         Calcination temperature: 450oC, Reaction volume: 100 mL.  

The same experimental procedure explained in Section 3.7.2.3. was applied for 

the photodegradation of RB5 dye with Turkevich AuNP decorated-magnetic titania 

microbeads. 

3.7.2.4.2. AuNP Decorated Magnetic Titania Microbeads by Martin Method 

The photocatalytic activity of Martin AuNP decorated monodisperse-porous 

magnetic titania microbeads was investigated by photodegradation of RB5 dye by 

changing the Au loading on monodisperse-porous magnetic titania microbeads. 

Experimental conditions in the photocatalysis of RB5 dye with Martin AuNP 

decorated magnetic titania microbeads are given in Table 3.9. 

Table 3.9. Experimental conditions in the photocatalysis of RB5 dye with Martin 

AuNP decorated magnetic titania microbeads. 

Experimental Conditions  Parameter Range 

80 mg catalyst, 25ppm RB5 dye, pH 7 

 

Au loading 

 (%w/w) 

 2.5, 5.0, 10.0 

 

Calcination temperature: 450oC 

 

The same experimental procedure explained in Section 3.7.2.3. was applied for 

the photodegradation of RB5 dye with Martin AuNP decorated magnetic titania 

microbeads. 
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3.7.2.5. Catalyst recovery and reuse 

Only the reusability of the Martin AuNP decorated-titania microbeads was 

investigated since it was chosen as the best catalyst for the photocatalytic 

degradation of RB5 dye. At the end of the photocatalytic degradation of RB5 dye 

(80 mg catalyst, 25 ppm RB5, pH 7, 450oC calcination temperature), the 

suspensions were centrifuged (5000 rpm, 5 min) and rinsed with water for several 

times to recover the catalyst particles. The recovered catalyst was then reused in 

photocatalytic degradation of RB5 dye under the same experimental conditions. 

The degradation-recovery cycle was repeated for 5 times to examine the 

reusability of the catalyst. 

3.7.3. Photocatalysis of Phenol 

3.7.3.1. Photocatalysis of Phenol with Bare Titania Microbeads 

The photocatalytic activity of bare titania microbeads was investigated by phenol 

degradation by changing pH of solution, catalyst amount and phenol 

concentration. Experimental conditions in the photocatalysis of phenol with bare 

titania microbeads are given in Table 3.10. 

Table 3.10. Experimental conditions in the photocatalysis of phenol with bare 

titania microbeads. 

Experimental Conditions Parameter Range 

160 mg catalyst, 50 ppm Phenol 

 

pH 4, 5, 7, 9 

 

50 ppm Phenol, pH 7 

 

Catalyst amount 

(mg) 

80, 160, 240 

   

160 mg catalyst, pH 7 

 

Phenol concentration 

(ppm) 

25, 50, 100 

     Calcination temperature: 450oC, Reaction volume:100 mL.  

In a typical experiment, bare titania microbeads (160 mg) were added into an 

aqueous solution of phenol (50 ppm,100 mL) in a batch reactor enveloped by an 

aluminum foil and the resulting dispersion was ultrasonicated for 5 min at 200 W. 
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The medium pH was adjusted to a desired value in the range of 4.0-9.0 by adding 

HCl or NaOH solution (0.1 M). Then the dispersion was left to equilibrium in the 

dark under magnetic stirring with 300 rpm at 25oC for 20 min within a metal box 

equipped with a temperature-control system. At the end of this period, to obtain 

the initial concentration of phenol 2 mL sample was taken from the reactor and 

centrifuged at 5000 rpm for 5 min in the dark for solid separation. Oxygen at 

constant flow was supplied to the reactor as an oxidative agent  before the 

irradiation of the dispersion with a UV light-source (Osram, Ultra-vitalux lamp, 300 

W) from the top. For the determination of phenol concentration in the aqueous 

medium at a certain time, the sample withdrawn from the reactor (2 mL) was 

centrifuged at 5000 rpm for 5 min in the dark. Phenol concentration was followed 

by High Pressure Liquid Chromatography (HPLC, Schimadzu, LC-10AD, Japan) 

equipped with UV–vis detector using a hommemade octadecylamine attached-

poly(HPMA-Cl-co-EDMA) column (2 mm × 250 mm). Mobile phase was 

water/acetonitrile (60:40) at a flow rate of 0.2 mL/min.  

3.7.3.2. Photocatalysis of Phenol with AuNP Decorated Bare Titania 

Microbeads 

3.7.3.2.1. AuNP Decorated Bare Titania Microbeads by Turkevich Method 

The photocatalytic activity of Turkevich AuNP decorated bare titania microbeads 

was investigated by the photodegradation of phenol solution (50 ppm, 100 mL) at 

pH 7 using 160 mg of Turkevich AuNP decorated bare titania microbeads with an 

Au loading of 5 % w/w. The same experimental procedure explained in Section 

3.7.3.1. was applied for the photodegradation of phenol with Turkevich AuNP 

decorated bare titania microbeads. 

3.7.3.2.2. AuNP Decorated Bare Titania Microbeads by Martin Method 

The photocatalytic activity of Martin AuNP decorated bare titania microbeads was 

investigated by the photodegradation of phenol by changing Au loading on 

monodisperse-porous bare titania microbeads. Experimental conditions in the 

photocatalysis of phenol with Martin AuNP decorated bare titania microbeads are 

given in Table 3.11. 
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Table 3.11. Experimental conditions in the photocatalysis of phenol with Martin 

AuNP decorated bare titania microbeads. 

Experimental Conditions  Parameters Range 

160 mg catalyst, pH 7, 

50 ppm phenol 

Au loading (%w/w) 

 

 2.5, 5.0, 10.0 

 

Calcination temperature: 450oC, Reaction volume: 100 mL.  

The same experimental procedure explained in Section 3.7.3.1. was applied for 

the photodegradation of phenol with Martin AuNP decorated monodisperse-porous 

bare titania microbeads. 

3.7.3.3. Photocatalysis of Phenol with Magnetic Titania Microbeads 

The photocatalytic activity of magnetic titania microbeads was investigated by 

photodegradation of phenol solution (50 ppm, 100 mL) at pH 7 using 160 mg of 

monodisperse-porous magnetic titania microbeads.  

In a typical experiment, monodisperse-porous magnetic titania microbeads (160 

mg) were added into an aqueous solution of phenol (50 ppm, 100 mL) in a batch 

reactor enveloped by an aluminum foil. The dispersion was ultrasonicated for 5 

min at 200 W. pH was adjusted to a desired value in the range of 4.0-9.0 by 

adding HCl or NaOH solution (0.1 M). Then the dispersion was left to equilibrium 

in the dark under mechanical stirring with 300 rpm at 25oC for 20 min within a 

metal box equipped with a temperature-control system. To obtain the initial 

concentration of phenol, 2 mL sample was taken from the reactor and magnetic 

titania microbeads were separated with an external magnet.  

Oxygen as oxidative agent was supplied to the reactor at constant flow before the 

irradiation of dispersion with a UV light-source (Osram, Ultra-vitalux lamp, 300 W) 

from the top. For the determination of phenol concentration in the aqueous 

medium at a certain time, the sample was taken from the reactor (2 mL) and 

magnetic titania microbeads were separated with a magnet. Phenol concentration 

was followed by HPLC (Schimadzu, LC-10AD, Japan) equipped with UV–vis 

detector using a home-made octadecylamine attached-poly(HPMA-Cl-co-EGDMA) 

column (2 mm × 250 mm). The mobile phase was water/methanol (60:40) at a flow 

rate of 0.2 mL/min.  
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3.7.3.4. Photocatalysis of Phenol with AuNP Decorated Magnetic Titania 

Microbeads 

3.7.3.4.1. AuNP Decorated Magnetic Titania Microbeads by Turkevich 

Method 

The photocatalytic activity of Turkevich AuNP decorated magnetic titania 

microbeads was investigated by photodegradation of phenol solution (50 ppm, 

100mL) at pH 7 using 160 mg of Turkevich AuNP decorated magnetic titania 

microbeads with an Au loading of 5 % w/w. The experimental procedure explained 

in Section 3.7.3.3. was applied for the photodegradation of phenol with Turkevich 

AuNP decorated magnetic titania microbeads. 

3.7.3.4.2. AuNP Decorated Magnetic Titania Microbeads by Martin Method 

The photocatalytic activity of Martin AuNP decorated magnetic titania microbeads 

was investigated by photodegradation of phenol solution (50 ppm, 100 mL) at pH 7 

using 160 mg of Martin AuNP decorated magnetic titania microbeads with an Au 

loading of 5 % w/w. The experimental procedure explained in Section 3.7.3.3. was 

applied for the photocatalytic degradation of phenol with Martin AuNP decorated 

magnetic titania microbeads. 

3.7.3.5. Catalyst recovery and reuse 

Only the reusability of the monodisperse-porous bare titania microbeads was 

investigated as it was chosen as the optimal catalyst for the photocatalytic 

degradation of phenol. At the end of the photocatalytic degradation of phenol (160 

mg catalyst, 50 ppm phenol, pH 7), the suspensions were centrifuged (5000 rpm, 

5 min) and rinsed with water for several times to recover the catalyst particles. The 

recovered catalyst was then reused in photocatalytic degradation of phenol in the 

same experimental conditions. This degradation-recovery cycle was repeated for 5 

times to achieve the reusability of the catalyst. 
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3.7.4. Plasmonic Catalysis of 4-Nitrophenol 

3.7.4.1. Plasmonic Catalysis of 4-Nitrophenol with AuNP Decorated 

Monodisperse-Porous Bare and Magnetic Titania Microbeads 

3.7.4.1.1. Plasmonic Catalysis of 4-Nitrophenol with Turkevich AuNP 

Decorated Monodisperse-Porous Bare and Magnetic Titania Microbeads 

The plasmonic catalytic activity of Turkevich AuNP decorated monodisperse-

porous bare and magnetic titania microbeads was investigated by reduction of 4-

NP solution (7.5 ppm, 24mL) at 20oC by using 1 mg of Turkevich AuNP decorated 

monodisperse-porous bare and magnetic titania microbeads with an Au loading of 

5 % w/w.  

In a typical experiment, NaBH4 (0.2 g) was added into into an aqueous solution of 

4-NP (7.5 ppm, 24 mL) in a batch reactor. The solution was left to be stirred with 

300 rpm at 20oC till evolution of H2 gas was finished.  After a certain time, 2 mL of 

sample was taken from the reactor to obtain the initial concentration of 4-NP. Then 

Turkevich AuNP decorated monodisperse-porous bare and magnetic titania 

microbeads (1 mg) were added to the solution of 4-NP. For the determination of 4-

NP concentration in the aqueous medium at a certain time, the sample was taken 

from the reactor (2 mL) and Turkevich AuNP decorated bare titania microbeads 

were centrifuged at 5000 rpm for 5 min in the dark for solid separation while 

Turkevich AuNP decorated magnetic titania microbeads were separated with a 

magnet. 4-NP concentration was monitored by measuring the absorption of 

supernatant at 400 nm using UV-Vis Spectrophotometer (UV-1601, Shimadzu, 

Japan). 

3.7.4.2. Plasmonic Catalysis of 4-Nitrophenol with Turkevich AuNP 

Decorated Magnetic Titania Microbeads 

The plasmonic catalytic activity of Turkevich AuNP decorated monodisperse-

porous magnetic titania microbeads was investigated by reduction of 4-NP by 

changing catalyst amount, temperature and 4-NP concentration. Experimental 

conditions in the reduction of 4-NP with Turkevich AuNP decorated magnetic 

titania microbeads are given in Table 3.12. 

 



53 
 

Table 3.12. Experimental conditions in the reduction of 4-NP with Turkevich AuNP 

decorated-magnetic titania microbeads. 

Experimental Conditions  Parameter Range 

7.5 ppm 4-NP, 20oC Catalyst Amount 

(mg) 

 

 1.0, 2.5, 5.0, 10.0  

1 mg catalyst, 7.5 ppm 4-NP Temperature 

(oC) 

10, 20, 30, 40 

 

1 mg catalyst, 20oC 4-NP concentration 

(ppm) 

 3.75, 7.50, 15.00 

 

Calcination temperature: 450oC, Reaction volume: 24 mL 

In a typical experiment, NaBH4 (0.2 g) was added into into an aqueous solution of 

4-NP (7.5 ppm, 24 mL) in a batch reactor. The solution was stirred mechanically 

with 300 rpm at 20oC till evolution of H2 was finished.  After a certain time, 2 mL of 

sample was taken from the reactor to obtain the initial concentration of 4-NP. Then 

Turkevich AuNP decorated magnetic titania microbeads (1 mg) were added to the 

solution of 4-NP. For the determination of 4-NP concentration in the aqueous 

medium at a certain time, the sample was taken from the reactor (2 mL) and 

Turkevich AuNP decorated magnetic titania microbeads were separated with a 

external magnet. 4-NP concentration was monitored by measuring the absorption 

of supernatant at 400 nm using UV-Vis Spectrophotometer (UV-1601, Shimadzu, 

Japan). 

3.7.4.2.1. Plasmonic Catalysis of 4-Nitrophenol with Martin AuNP Decorated 

Magnetic Titania Microbeads 

The plasmonic catalytic activity of Martin AuNP decorated magnetic titania 

microbeads was investigated by reduction of 4-NP by changing Au loading on 

magnetic titania microbeads. Experimental conditions in the plasmonic catalysis of 

4-NP with Martin AuNP decorated magnetic titania microbeads are given in Table 

3.13. 
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Table 3.13. Experimental conditions in the plasmonic catalysis of 4-NP with Martin 

AuNP decorated magnetic titania microbeads. 

Experimental conditions Parameter Range 

1 mg catalyst, 20oC,  

7.5 ppm 4-NP 

Au loading 

 (% w/w) 

2.5, 5.0, 10.0 

 

Au loading (5 % w/w), 20 oC, 

1 mg catalyst, 15 ppm 4-NP 

  

 

   Calcination temperature: 450oC, Reaction volume: 100 mL 

The same experimental procedure explained in Section 3.7.4.2. was applied for 

the reduction of 4-NP with Martin AuNP decorated magnetic titania microbeads. 

3.7.4.3. Catalyst recovery and reuse 

Only the reusability of Martin AuNP decorated magnetic titania microbeads was 

investigated as it was selected as the best catalyst in the reduction of 4-NP. At the 

end of the plasmonic catalysis of 4-NP (1 mg catalyst, 7.5 ppm 4-NP, 20oC), the 

suspension was centrifuged (5000 rpm, 5 min) and rinsed with water for several 

times to recover the catalyst particles. The recovered catalyst was then reused in 

the degradation of 4-NP under the same experimental conditions. This 

degradation-recovery cycle was repeated for 5 times to achieve the reusability of 

the catalyst. 
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4. RESULTS and DISCUSSION 

In this study, a new sol–gel templating method for the synthesis of monodisperse-

porous bare titania microbeads was proposed by using –SO3Na attached 

poly(HPMA-Cl-co-EDMA) microbeads as template. Monodisperse-porous 

poly(HPMA-Cl-co-EDMA) microbeads were obtained by multistage 

microsuspension polymerization using monodisperse poly(GMA) beads as seed 

latex. Monodisperse-porous poly(HPMA-Cl-co-EDMA) microbeads were then 

reacted with NaHSO3 to generate –SO3Na functionality on the polymethacrylate 

based microbeads. For the synthesis of bare titania microbeads via sol-gel 

templating method, -SO3Na attached poly(HPMA-Cl-co-EDMA) microbeads were 

interacted with the titania precursor, TiCl4 in the aqueous medium and then 

washed with aqueous ammonia solution to remove chloride ions generated by the 

hydrolysis of precursor. Hence, bare titania-polymer composite microbeads in the 

spherical form were obtained. Then the monodisperse-porous bare titania 

microbeads were obtained by the calcination of composite microbeads.  

For the synthesis of monodisperse-porous magnetic titania microbeads, magnetic 

poly(HPMA-Cl-co-EDMA) microbeads were used as template. Poly(HPMA-Cl-co-

EDMA) microbeads were reacted with EDA to generate amine functionality on the 

polymethacrylate based microbeads before magnetization. Magnetic poly(HPMA-

Cl-co-EDMA) microbeads obtained by precipitating iron salts on amine attached 

poly(HPMA-Cl-co-EDMA) microbeads by in-situ co-precipitation method.  In sol-gel 

templating method, magnetic poly(HPMA-Cl-co-EDMA) microbeads were 

interacted with the titania precursor, TiCl4 in the aqueous medium and then 

washed with aqueous ammonia solution to obtain magnetic titania-polymer 

composite microbeads. Then magnetic titania microbeads were obtained by the 

calcination of composite microbeads. 

The bare and magnetic titania microbeads were treated with APTES to obtain 

amine attached bare and magnetic titania microbeads. Then amine attached bare 

and magnetic titania microbeads were put into AuNP solutions for the decoration 

of monodisperse-porous bare and magnetic titania microbeads with AuNPs 

synthesized with Turkevich and Martin methods.  



56 
 

The photocatalytic activity of monodisperse-porous bare and magnetic titania 

microbeads were achieved by the degradation of RB5 dye and phenol. The effect 

of Au loading on the photocatalytic activity of monodisperse-porous bare and 

magnetic titania microbeads was investigated. The plasmonic catalytic activity of 

Turkevich and Martin AuNP decorated monodisperse-porous bare and magnetic 

titania microbeads were achieved by the reduction of 4-NP. 

 

4.1. Synthesis and Characterization of Monodisperse-Porous poly(HPMA-Cl-

co-EDMA) Microbeads 

 

Monodisperse-porous poly(HPMA-Cl-co-EDMA) microbeads were obtained by 

multistage microsuspension polymerization using monodisperse poly(GMA) 

microbeads as the starting material. The surface morphology, size, porous 

structure and specific surface area (SSA) of the monodisperse-porous 

poly(HPMA-Cl-co-EDMA) microbeads were varied by changing the feed 

concentration of crosslinking agent of the poly(HPMA-Cl-co-EDMA) beads.  

The SEM photographs of poly(HPMA-Cl-co-EDMA) microbeads obtained with 

different crosslinking agent feed concentrations (% v/v) are shown in Figure 4.1. 

The size properties and the specific surface areas of poly(HPMA-Cl-co-EDMA) 

microbeads are given in Table 4.1. 
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Figure 4.1. SEM photographs of monodisperse-porous poly(HPMA-Cl-co-EDMA) 

microbeads obtained with different volume percent of crosslinking agent (v/v %): 

(A):15  , (B): 30, (C): 50, (D): 70, (E): 85. Magnifications:  Larger images: X20.000, 

Smaller images: X4000. 

 

Table 4.1. The size and specific surface areas of poly(HPMA-Cl-co-EDMA) 

microbeads obtained with different volume percent of crosslinking agent (EDMA). 

Volume percents of crosslinking  

 agent of  poly(HPMA-Cl-co- EDMA)            Diameter           CV             SSA 

            microbeads (% v/v)                     (µm)               (%)           (m2/g)     

       15             4.3      6.5              1.0 

     30             6.3      4.9             14.7 

     50               5.5      3.3             60.0 

     70             5.4      4.5             65.2 

                85              4.3      4.3            147.5 

As seen in Figure 4.1., spherical, nearly monodisperse and porous poly(HPMA-Cl-

co-EDMA) microbeads were achieved with all EDMA concentrations except the 

lowest EDMA concentration (Figure 4.1.). As seen from Table 4.1., the size and 
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the coefficient of variation of size distribution were not affected much by changing 

the feed concentration of crosslinking agent. As also seen in Table 4.1, SSA  

increased with the increasing crosslinking agent feed concentration. This finding 

showed that the mean pore size decreased and the mesopore fraction became 

more dominant with the increasing feed concentration of crosslinking agent [188].   

4.1.1. Synthesis and Characterization of Sodium Bisulfite Functionalized 

Poly(HPMA-Cl-co-EDMA) Microbeads 

In the literature, poly(S-co-DVB) microbeads were used as template for the 

synthesis of monodisperse-porous titania microbeads [32-35]. In our case, -SO3Na 

attached-poly(HPMA-Cl-co-EDMA) microbeads were selected as the template 

material for the sol-gel templating synthesis of monodisperse-porous titania 

microbeads. It was considered that higher amount of hydrous titanium dioxide 

(TiO2.nH2O) nanoparticles could be adsorbed by the template material with strong 

cation exchange character with respect to the plain template. The strong cation 

exchanger form of the poly(HPMA-Cl-co-EDMA) microbeads was obtained via a 

simple reaction between reactive chloropropyl group of poly(HPMA-Cl-co-EDMA) 

microbeads and NaHSO3 (Figure 4.2.).  

The functional group content of the -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads was determined by potentiometric titration. The effect of HPMA-feed 

concentration on the -SO3H content of polymethacrylate microbeads and fractional 

conversion of chloropropyl groups in the poly(HPMA-Cl-co-EDMA) microbeads are  

given in Figure 4.2.  
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Figure 4.2. The effect of HPMA-Cl feed concentration on -SO3Na content of 

polymethacrylate microbeads and fractional conversion of chloropropyl groups in 

the poly(HPMA-Cl-co-EDMA) microbeads. 

As expected –SO3H content of polymethacrylate microbeads increased with the 

increasing feed concentration of HPMA-Cl in the monomer phase. In other words, 

an increase in the chloropropyl content of poly(HPMA-Cl-co-EDMA) microbeads 

resulted in an increase in the -SO3H content of polymethacrylate template.  

On the other hand, the fractional conversion of chloropropyl groups decreased 

with the increasing HPMA-Cl feed concentration from 0.56 to 0.39 (Figure 4.2.). As 

the reaction took place in the aqueous medium, the interaction of bisulfite anions 

with the chloropropyl groups should be strongly related to the water penetration 

into the microbeads. The partial consumption of chloropropyl groups can be 

explained by the intraparticular diffusion limitation for water diffusion within the 

polymethacrylate microbeads.  
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4.1.2. Synthesis and Characterization of Monodisperse-Porous Bare Titania 

Microbeads 

4.1.2.1. Effect of crosslinking agent feed concentration on bare titania 

microbeads 

The SEM photographs of bare titania microbeads obtained by-SO3Na attached-

poly(HPMA-Cl-co-EDMA) microbeads with different crosslinking agent feed 

concentrations (% v/v) are shown in Figure 4.3. The size properties and SSAs of 

bare titania microbeads are given in Table 4.2. 

 

Figure 4.3. SEM photographs of monodisperse-porous bare titania microbeads 

prepared by using -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads 

produced with different volume percent of crosslinking agent (v/v %): (A):15, (B): 

30, (C): 50, (D): 70, (E): 85. Magnifications:  Larger images: X25000, Smaller 

images: X2500. 
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Table 4.2. The size and specific surface areas of bare titania microbeads prepared 

by using -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads produced with 

different crosslinking agent feed concentrations (EDMA). 

             Crosslinking  

 agent feed concentration for   

     poly(HPMA-Cl-co-EDMA)               Diameter       CV              SSA 

         microbeads (% v/v)                     (µm)               (%)            (m2/g)         
     

       15             4.1      7.0              60.2 

     30             5.4      5.2              63.3 

     50               3.9      4.7              52.3 

     70             3.7      4.9              44.8 

                85              3.1      4.5              42.8 

Calcination temperature: 550oC,  

As seen in Figure 4.3. (B) and (C), spherical bare titania microbeads could be 

obtained with the crosslinking agent feed concentrations of 30 and 50 % v/v.  

Irregular titania beads were obtained with the template synthesized with the lowest 

EDMA feed concentration. This finding should be explained by the relatively lower 

porosity and SSA of the template obtained with the lowest EDMA feed 

concentration [188]. The lower porosity involves less TiO2 nanoparticle deposition 

on the polymeric template. It should be also noted that irregular titania microbeads 

were also obtained with the high croslinking agent feed concentrations (i.e. Figure 

4.2. (E) and (F)). The higher porosity of the -SO3Na attached-poly(HPMA-Cl-co-

EDMA) microbeads obtained with the higher crosslinking agent feed concentration 

should be probably the reason of the excessive shrinkage of bare titania 

microbeads. Then both the SSA and the porosity of template should be suitable  

for either the sufficient TiO2 nanoparticle deposition onto the template and to 

prevent excessive shrinking during calcination. Hence, the titania microbeads in 

spherical form can be achieved. Based on these results the polymeric templates 

synthesized with the EDMA feed concentrations of 30 and 50 % (v/v) had more 

suitable for obtaining spherical titania microbeads.  
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As also seen from Table 4.2., the average size of bare titania microbeads was 

slightly smaller with respect to the size of corresponding template probably due to 

the shrinkage occurred by the removal of template during calcination. The average 

size of bare titana microbeads decreased with the increasing crosslinking agent 

feed concentration depending upon the extent of shrinkage in the calcination 

stage. However, no significant change was observed in the coefficient of variation 

for size distribution since the size distribution of titania microbeads should be 

dominantly controlled by the weight ratio of TiCl4/polymethacrylate microbeads.  

 

The effect of crosslinking agent feed concentration used in the preparation of         

-SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads on the SSA of bare titania 

microbeads is given in Figure 4.4. 

 

 

Figure 4.4. The effect of crosslinking agent feed concentration on the specific 

surface area of -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads and bare 

titania microbeads. 

As seen from the Figure 4.4., the SSA of -SO3Na attached-poly(HPMA-Cl-co-

EDMA) microbeads increased with the increasing volume percent of EDMA. The 
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mean pore size decreased and the mesopore fraction became more dominant with 

the increasing feed concentration of crosslinking agent [188]. However, the 

tendency observed for bare titania microbeads in Figure 4.4. indicated that, SSA of 

bare titania microbeads was not strongly influenced by the porous properties of the 

-SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads. Although the templates 

produced with high crosslinking agent feed concentrations (i.e. 95 % v/v and 100 

% v/v) had reasonably high SSA values, no significant change was observed in 

the SSA of resulting bare titania microbeads (Figure 4.4.). This behaviour can be 

explained by the dominant control of calcination conditions on formation of three-

dimensional porous structure of the titania microbeads.  

4.1.2.2. Effect of concentration of polymeric template on titania microbeads 

The SEM photographs of bare titania microbeads synthesized with different 

concentrations of -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads (feed 

concentration of crosslinking agent: 30 % v/v) are shown in Figure 4.5. The size 

properties and SSAs of bare titania microbeads are given in Table 4.3.  

 

Figure 4.5. SEM photographs of bare titania microbeads prepared by using 

different concentrations of -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads 

(g/L) A: 3.3 g/L, B: 6.7 g/L, C: 10 g/L, D: 13.3 g/L. (feed concentration of 

crosslinking agent: 30 % v/v). Magnifications: Larger images: X25.000, Smaller 

images: X2500. 
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Table 4.3. The size and specific surface areas of bare titania microbeads obtained 

with different concentrations of poly(HPMA-Cl-co-EDMA) microbeads (volume 

percent of crosslinking agent: % 30). 

    Mass of polymeric template/     Diameter  CV  SSA 

         Volume of solution (g/L)       (µm)  (%)          (m2/g) 

            3.3          5.0  5.3  58.1 

            6.7          5.4  5.2  63.3 

           10.0          3.8  4.1  62.2 

           13.3          3.6  5.9  62.4 

Calcination temperature: 550oC 

 

As seen in Figure 4.5. and Table 4.3., bare titania microbeads with spherical 

shape were obtained with all feed concentrations of -SO3Na attached-poly(HPMA-

Cl-co-EDMA) microbeads. The average microbead size decreased with the 

increasing feed concentration of -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads since the constant amount of hydrous titania nanoparticles were 

distributed to higher number of polymeric template microbeads. Both the 

monodispersity and specific surface area of bare titania microbeads were not 

strongly influenced by the feed concentration of the template.  

4.1.2.3. Effect of calcination temperature on titania microbeads 

Thermal decomposition behaviour of poly(HPMA-Cl-co-EDMA) microbeads are 

important for the determination of calcination temperature to obtain bare titania 

microbeads from titania-polymer composite microbeads. Thermal Gravimetric 

Analysis (TGA) of poly(HPMA-Cl-co-EDMA) microbeads is given in Figure 4.6. 
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Figure 4.6. TGA curves of monodisperse-porous poly(HPMA-Cl-co-EDMA) 

microbeads. 

TGA clearly showed that the thermal decomposition of poly(HPMA-Cl-co-EDMA) 

microbeads was almost completed at 450oC. Additionally, the peak temperature of 

the derivative curve of poly(HPMA-Cl-co-EDMA) microbeads was 335oC. The 

decomposition behaviour obtained by TGA were also supported by Differential 

Scanning Calorimetry (DSC) curve of poly(HPMA-Cl-co-EDMA) microbeads. The 

DSC curve is given in Figure 4.7 . 

 



66 
 

 

 

Figure 4.7. DSC curve of monodisperse-porous poly(HPMA-Cl-co-EDMA) 

microbeads. 

 

DSC showed that thermal decomposition of poly(HPMA-Cl-co-EDMA) microbeads 

started at the temperatures higher than 200oC and continued till 450ºC. Thermal 

analysis results obtained by both methods showed that the complete removal of 

poly(HPMA-Cl-co-EDMA) microbeads was achieved by performing the calcination 

of titania-polymer composite microbeads at a minimum temperature of 450oC.  

Titania-polymer composite microbeads prepared by using -SO3Na attached-

poly(HPMA-Cl-co-EDMA) microbeads (feed concentration  of crosslinking agent: 

% 30 v/v, mass of particle/volume of solution ratio: 6.7 g/mL) were calcined at 

450ºC, 500ºC, 550ºC, 600ºC to determine the effect of calcination temperature on 

SSA of titania microbeads.  
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Figure 4.8. The variation of specific surface area of bare titania microbeads with 

the calcination temperature. Template: -SO3Na attached-poly(HPMA-Cl-co-EDMA) 

microbeads. 

Using poly(HPMA-Cl-co-EDMA) microbeads gave an opportunity to perform the 

calcination of  titania-polymer composite microbeads at lower temperatures 

(450ºC), which resulted in higher specific surface area of bare titania microbeads 

as shown in Figure 4.8. As seen in Figure 4.8., the SSA of bare titania microbeads 

linearly decreased with increasing calcination temperature [36, 37]. The highest 

SSA was obtained with the lowest calcination temperature. Various shape 

templated sol-gel protocols were proposed for the synthesis of porous titania 

microbeads using monodisperse-porous poly(styrene-co-divinylbenzene), poly(S-

co-DVB)  microbeads as the template material [32-36]. Due to its aromatic nature, 

the thermal degradation of the poly(S-co-DVB) microbeads could be achieved at 

higher temperatures with respect to those used for the new polymethacrylate 

based template material proposed in this thesis. TGA analysis of poly(S-co-DVB) 

beads showed that the lowest temperature that could be utilized for complete 

thermal degradation was 550oC. Hence, the template removal could be performed 

at an extremely lower temperature (i.e. 450oC) by the use of new template 

proposed (i.e. poly(HPMA-Cl-co-EDMA)). The calcination at lower temperature 

resulted in a significant increase in SSA with respect to the titania microbeads 

obtained from poly(S-co-DVB) based template materials [32-36].  
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XRD patterns for monodisperse-porous bare titania microbeads calcined at 450ºC, 

500ºC, 550ºC, 600ºC are given in Figure 4.9. As seen here, the calcination 

temperature significantly affected the crystalline structure of bare titania 

microbeads. It was reported that, the amorphous-anatase transformation of titania 

was completed in the temperature range of 350-450 ºC [37].    

 

Figure 4.9. XRD patterns for monodisperse-porous bare titania microbeads 

calcined at different temperatures (450ºC, 500ºC, 550ºC, 600ºC). Template: -

SO3Na attached poly(HPMA-Cl-co-EDMA) microbeads. 

 

It was reported that anatase-rutile transformation occurred in different temperature 

ranges from 450ºC to 1100ºC [37]. The anatase/rutile ratio was particularly critical 

in the photocatalytic applications of porous TiO2 beads [37]. As seen from XRD 

patterns amorphous titania transformed to anatase at each calcination 

temperature (Figure 4.9.). The rutile content of titania microbeads clearly 

increased with increasing calcination temperature.  
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Based on the evaluation of the results obtained with bare titania microbeads, the 

poly(HPMA-Cl-co-EDMA) microbeads produced with the crosslinking agent feed 

concentration of  % 30 v/v were chosen as the most appropriate template to obtain 

monodisperse-porous and spherical titania microbeads. The ratio of mass of 

poly(HPMA-Cl-co-EDMA) microbeads /volume of TiCl4 solution was chosen as 6.7 

g/mL considering the SSA  values of titania microbeads. 

4.2. Synthesis and Characterization of Monodisperse-Porous and 

MagneticTitania Microbeads 

In this thesis a new protocol was developed for the synthesis of magnetic titania 

microbeads. The magnetic titania microbeads were obtained by starting from the 

magnetic poly(HPMA-Cl-co-EDMA) microbeads. For this purpose, the poly(HPMA-

Cl-co-EDMA) microbeads produced with the crosslinking agent feed concentration 

of % 30 v/v was chosen as the most appropriate template and the magnetic form 

of this material was synthesized as the starting material.  The protocol developed 

for the synthesis of magnetic titania microbeads is discussed below in detail. 

4.2.1. Synthesis and Characterization of Amine Functionalized Poly(HPMA-

Cl-co-EDMA) Microbeads 

The amine functionalized form of poly(HPMA-Cl-co-EDMA) microbeads (volume 

percent of crosslinking agent:  30 % (% v/v)) was easily obtained via a simple 

reaction between reactive chloropropyl groups of poly(HPMA-Cl-co-EDMA) 

microbeads and EDA. The amine content of EDA treated-poly(HPMA-Cl-co-

EDMA) microbeads was determined as 5 % w/w by the elemental analysis.  

 

4.2.2. Synthesis and Characterization of Magnetic poly(HPMA-Cl-co-EDMA) 

Microbeads 

Magnetic poly(HPMA-Cl-co-EDMA) microbeads were obtained by the 

impregnation of iron ions on amine attached-poly(HPMA-Cl-co-EDMA) microbeads 

(feed concentration of crosslinking agent:  30 % (% v/v)) by in-situ co-precipitation 

method. The SEM photographs of plain poly(HPMA-Cl-co-EDMA) and magnetic 

poly(HPMA-Cl-co-EDMA) microbeads are shown in Fgure 4.10. As seen here, the 

surface morphology of poly(HPMA-Cl-co-EDMA) microbeads was changed 



70 
 

apparently after magnetization step. This view showed the presence of magnetit 

layer on the magnetic polymeric template on the outher surface of the microbeads.  

 

 

Figure 4.10. SEM photographs of (A): poly(HPMA-Cl-co-EDMA) microbeads, (B): 

magnetic poly(HPMA-Cl-co-EDMA) microbeads. Magnifications:  Images on the 

left side: X16000, Images on the right side: X80000. 

The size properties and SSA values of plain poly(HPMA-Cl-co-EDMA) and 

magnetic poly(HPMA-Cl-co-EDMA) microbeads are given in Table 4.4.  

 

Table 4.4. Size properties and specific surface areas of poly(HPMA-Cl-co-EDMA) 

and magnetic poly(HPMA-Cl-co-EDMA) microbeads. 

        Microbeads      Diameter           CV             SSA 

            (µm)               (%)    (m2/g)     

       Poly(HPMA-Cl-co-EDMA)      6.3         4.9             14.7 

                Microbeads 

Magnetic Poly(HPMA-Cl-co-EDMA)     6.5         4.8      8.3 

               microbeads            
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As seen in Table 4.4., the average size and the coefficient of variation for size 

distribution for poly(HPMA-Cl-co-EDMA) microbeads did not markedly change  

after magnetization. However, SSA significantly decreased since a  certain portion 

of the micropores were filled with the  iron oxide nanoparticles generated during 

magnetization. The structure of poly(HPMA-Cl-co-EDMA) and magnetic 

poly(HPMA-Cl-co-EDMA) microbeads were investigated by XRD and the related 

patterns are given in Figure 4.11. 

 

Figure 4.11. XRD patterns of poly(HPMA-Cl-co-EDMA) and magnetic poly(HPMA-

Cl-co-EDMA) microbeads. 

Only a broad peak (2Ө: 18o) corresponding to the amorphous poly(HPMA-Cl-co-

EDMA) was observed as seen from XRD pattern of poly(HPMA-Cl-co-EDMA) 

microbeads in Figure 4.11. In the XRD pattern of magnetic poly(HPMA-Cl-co-

EDMA) microbeads, additional to the broad peak (2Ө: 18o) of the amorphous 

poly(HPMA-Cl-co-EDMA), the characteristic peaks (at 2Ө: 30.4, 35.7, 43.4, 57.4 

63.0 and 66.0o) of cubic spinel structure phase of Fe3O4 nanoparticles were 

observed. This difference between the XRD patterns in Fgure 4.11. is an evidence 

that the magnetization of plain poly(HPMA-Cl-co-EDMA) microbeads was 

performed successfully.   
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Figure 4.12. VSM curve of magnetic poly(HPMA-Cl-co-EDMA) microbeads. 

Figure 4.12. shows  the magnetization curve of magnetic poly(HPMA-Cl-co-

EDMA) microbeads measured at 300K.  The magnetic saturation (Ms) value is 3.3 

emu/g for magnetic poly(HPMA-Cl-co-EDMA) microbeads. The magnetic 

microbeads exhibit superparamagnetic behavior at room temperature as the value 

of remanent magnetization (Mr) and coercivity (Hc) were low [144]. The 

superparamagnetic behavior gives the opportunity to separate magnetic 

microbeads by a magnet or an applied magnetic field.  

4.2.3. Properties of Magnetic Titania Microbeads 

Magnetic titania microbeads were obtained by a new via sol-gel templating 

method, in which magnetic poly(HPMA-Cl-co-EDMA) microbeads [feed 

concenratio of crosslinking agent: 30 % (% v/v), mass of particle/volume of 

solution ratio: 6.7 g/mL] were interacted with the titania precursor, TiCl4 in the 

aqueous solution and then washed with aqueous ammonia solution to remove 

chloride ions generated by the hydrolysis of the precursor. Hence, magnetic 

titania-polymer composite microbeads obtained in the spherical form were 

calcined at 450ºC to obtain monodisperse-porous and magnetic titania 

microbeads. The SEM photographs of bare and magnetic titania microbeads 

obtained by -SO3Na attached-poly(HPMA-Cl-co-EDMA) microbeads and magnetic 

poly(HPMA-Cl-co-EDMA) microbeads, respectively are shown in Figure 4.13.  
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Figure 4.13. SEM photographs of (A): bare titania microbeads, (B): magnetic 

titania microbeads. Magnifications: Images on the left side (microbeads): X16.000, 

Images on the right side (surface): X80.000. 

As seen in Figure 4.13., the surface morphologies of monodisperse-porous bare 

and magnetic titania microbeads were similar. The reason of this similarity could 

be the successful integration of magnetic nanoparticles into the structure of titania 

microbeads during the calcination. The size properties and specific surface areas 

of bare and magnetic titania microbeads are given in Table 4.5.  

Table 4.5. Size properties and specific surface areas of monodisperse-porous 

bare and magnetic titania microbeads. 

 Microbeads     Diameter           CV             SSA  
          (µm)               (%)    (m2/g)  

           Titania microbeads        5.4        5.2              91.0 

     Magnetic titania microbeads       5.5        5.4              72.4 

 

As seen from Table 4.5., the average size and the coefficient of variation for size 

distribution for bare and magnetic titania microbeads were nearly the same. 
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However, the SSA of magnetic titania microbeads was slightly lower than the bare 

titania microbeads. The reason of lower SSA is likely partial filling of mesopores of 

the titania microbeads with the magnetic nanoparticles. The structure of bare and 

magnetic titania microbeads were investigated by XRD and the related  patterns 

are given in Figure 4.14.  

 

Figure 4.14. XRD patterns of bare and magnetic titania microbeads. 

The XRD patterns of bare and magnetic titania microbeads calcined at 450°C are 

presented in Figure 4.14., which reveals that the use of magnetic poly(HPMA-Cl-

co-EDMA) microbeads as template influenced the crystal structure of titania 

microbeads. The rutile phase in the crystal structure of magnetic titania 

microbeads was more apparent when compared with bare titania microbeads. In 

the XRD pattern of magnetic titania microbeads, in addition to the anatase and 

rutile peaks, the characteristic peaks of cubic spinel structure phase of Fe3O4 

nanoparticles were observed (at 2Ө: 30.4, 43.4, 57.4 and 63.0o).  The existence of 

these characteristic peaks is a clear evidence for the presence of Fe3O4 

nanoparticles within the crystal structure of  titania microbeads.    
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Figure 4.15. VSM curve of magnetic titania microbeads. 

 

Figure 4.15. shows the magnetization curve of magnetic titania microbeads 

measured at 300K. The magnetic saturation (Ms) value of magnetic titania 

microbeads is 0.6 emu/g, which is lower than the magnetic saturation (Ms) value 

of magnetic poly(HPMA-Cl-co-EDMA) microbeads. The decrease should be 

probably due to the high temperature used in calcination since the saturation 

magnetization is inversely proportional with synthesis temperature of the magnetic 

material. However, magnetic titania microbeads still exhibit superparamagnetic 

behavior at room temperature as the value of remanent magnetization (Mr) and 

coercivity (Hc) were low.  

4.3. Synthesis and Characterization of AuNP Decorated Bare/Magnetic 

Titania Microbeads 

4.3.1. Synthesis and Characterization of Amine Functionalized 

Bare/Magnetic Titania Microbeads 

The amine functionalized forms of bare and magnetic titania microbeads were 

obtained via a simple reaction between hydroxyl groups of bare/magnetic titania 

microbeads and methoxysilane groups of APTES. The elemental analysis showed 

that the amine functionalization was achieved both for bare and magnetic titania 
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microbeads. The amine contents of resulting bare and magnetic titania 

microbeads were determined as 3.2 and 2.7 %  w/w, respectively.  

4.3.1.1. Properties of AuNP Decorated BareTitania Microbeads 

Decoration of bare titania microbeads with Turkevich and Martin AuNPs was 

assured by firm contact between the amine attached bare titania microbeads and 

AuNP solutions synthesized with Turkevich and Martin methods, respectively. Au 

loading (% w/w) on bare titania microbeads was varied (2.5, 5.0, 10.0 (%w/w)) by 

changing the amount of amine attached bare titania microbeads interacted with 

the same volume of AuNP solution obtained with Turkevich and Martin methods. 

To present an example of surface morphology for AuNP decorated bare titania 

microbeads, the SEM photograph of Turkevich AuNP decorated bare titania 

microbeads with an Au loading of 5 % (%w/w) is shown in Figure 4.16.  

 

 

 

Figure 4.16. SEM photograph of Turkevich AuNP decorated bare titania 

microbeads with an Au loading of 5 % (%w/w). 

The surface morphology of Turkevich AuNP decorated bare titania microbeads 

shown in SEM photographs (Figure 4.16.) is the convincing proof of the decoration 

of  AuNPs on the amine attached bare titania microbeads.  The UV-Vis specta of 

Turkevich and Martin AuNP solutions are given in Figure 4.17. The characteristic 

surface plasmon bands for the AuNPs 3 nm and 10 nm in size, synthesized with 

Martin and Turkevich method, were observed at 509 and 521 nm in the UV-Visible 
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spectrums (Figure 4.17.), respectively. The SSA values of Turkevich and Martin 

AuNP decorated bare titania microbeads are given in Table 4.6. 

 

Figure 4.17. UV-Vis spectra of Turkevich and Martin AuNP solutions. 

 

Table 4.6. Specific surface areas of Turkevich and Martin AuNP decorated bare 

titania microbeads with different Au loadings. 

           Turkevich Method              Martin Method 

   Au loading on                         Au loading on            

      bare TiO2                 SSA       bare TiO2              SSA     

    microbeads    (m2/g)                    microbeads       (m2/g)        

       (% w/w)                                    (% w/w)                        

 2.5     71.2          2.5       63.2    

          5.0     72.2          5.0       66.2 

         10.0       71.6        10.0       65.1 

Calcination temperature: 450oC 
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The SSA values of Turkevich and Martin AuNP decorated bare titania microbeads 

with all Au loadings, shown in Table 4.6., were lower than the SSA of bare titania 

microbeads. The decrease in SSA can be explained by the partial filling of 

mesopores by the AuNPs diffused into the bare titania microbeads. Note that the 

SSA values obtained for Martin AuNP decorated titania microbeads were slightly 

lower with respect to the Turkevich AuNP decorated microbeads. This result can 

be explained by more effective diffusion of smaller AuNPs into the mesopores of 

titania microbeads for Martin AuNP decorated sample. As also seen in Table 4.6., 

the SSA of Turkevich or Martin AuNP decorated bare titania microbeads was not 

correlated with the Au loading. The structure of bare titania microbeads, Turkevich 

and Martin AuNP decorated bare titania microbeads were investigated by XRD 

and the related patterns are given in Figure 4.18.  

 

 

Figure 4.18. XRD patterns of bare titania microbeads, Turkevich and Martin AuNP 

decorated bare titania microbeads. 
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As seen in Figure 4.18., the characteristic peaks (at 2Ө: 38°, 44°, 64° and 77°) of 

cubic structure of metallic gold were observed in the XRD patterns of  Turkevich 

and Martin AuNP decorated-bare titania microbeads, in addition to the anatase 

and rutile peaks of titania. The results showed that AuNPs were successfully 

incorporated into the bare titania microbeads by both methods without performing 

a significant change in the crystal structure of bare titania. The intensities of the 

peaks at 2Ө: 38°, 44°, 64° decreased and the peak at 2Ө: 77° disappeared in the 

XRD patterns of Martin AuNP decorated bare titania microbeads compared to the 

Turkevich AuNP decorated bare titania microbeads. These results were consistent 

with the results obtained by Moreau and Bond [191], who reported that the 

intensity of characteristic peaks of metallic gold decreased by lowering the size of 

AuNPs. 

 

4.3.2. Properties of AuNP Decorated Magnetic Titania Microbeads 

Decoration of magnetic titania microbeads with Turkevich and Martin AuNPs was 

performed by firm contact between the primary amine functionalized magnetic 

titania microbeads and AuNP solutions synthesized with both Turkevich and 

Martin methods. The Au loading on magnetic titania microbeads was varied (2.5, 

5.0, 10.0 (%w/w)) by changing the amount of amine attached magnetic titania 

microbeads interacted with the same volume of AuNP solution synthesized with 

both Turkevich and Martin methods. To present an example of surface 

morphology of AuNP decorated magnetic titania microbeads, the SEM photograph 

of monodisperse-porous Turkevich AuNP decorated magnetic titania microbeads 

with an Au loading of 5.0 % (%w/w) is shown in Figure 4.19.  
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Figure 4.19. SEM photograph of monodisperse-porous Turkevich AuNP 

decorated magnetic titania microbeads with an Au loading of 5.0 % (%w/w). 

The surface morphology of Turkevich AuNP decorated magnetic titania 

microbeads shown in SEM photographs (Figure 4.19.), is the convincing proof of 

the decoration Turkevich AuNPs on the amine attached magnetic titania 

microbeads. When compared with the Turkevich AuNP decorated bare titania 

microbeads, the surface coverage by AuNPs was more dense for the magnetic 

microbeads. The SSA values of Turkevich and Martin AuNP decorated magnetic 

titania microbeads are given in Table 4.7. 

 

Table 4.7. Specific surface area values of Turkevich and Martin AuNP decorated 

magnetic titania microbeads with different with different Au loadings. 

               Turkevich Method                Martin Method 

   Au loading on                         Au loading on            

   magnetic TiO2                 SSA    magnetic TiO2             SSA     

    microbeads    (m2/g)                    microbeads        (m2/g)        

       (% w/w)                                   (% w/w)                        

  2.5   71.5             2.5       65.3 

            5.0   70.2           5.0       69.8  

10.0     72.6         10.0       64.9  

Calcination temperature: 450oC. 
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No significant change was observed in SSA with Au loading for magnetic titania 

microbeads decorated with both Turkevich and Martin AuNPs. However, the SSA 

values of Turkevich AuNP decorated titania microbeads were slightly higher with 

respect to those obtained by Martin method. This difference can be explained by 

the partial filling of mesopores more effectively by the smaller AuNPs produced by 

Martin method. The structure of magnetic titania microbeads, Turkevich and Martin 

AuNP decorated magnetic titania microbeads were investigated by XRD and 

related patterns are given in Figure 4.20.  

  

Figure 4.20. XRD patterns of magnetic titania microbeads, Turkevich and Martin 

AuNP decorated magnetic titania microbeads. 

In addition to the anatase, rutile and Fe3O4 peaks in the XRD patterns of the 

Turkevich and Martin AuNP decorated magnetic titania microbeads, the 

characteristic peaks at 2Ө: 38°, 44°, 64° and 77° can be indexed to the (111), 

(200), (220) and (311) Bragg's reflections of cubic structure of metallic gold, 

respectively (Figure 4.20.).   

 



82 
 

 

 

Figure 4.21. VSM curve of Turkevich and Martin GNP decorated magnetic titania 

microbeads. 

 

Figure 4.21. showed that the magnetization curves of Turkevich and Martin AuNP 

decorated magnetic titania microbeads measured at 300K were exactly the same, 

Hence the magnetic saturation (Ms) values of Turkevich and Martin AuNP 

decorated magnetic titania microbeads were the same (i.e. 0.5 emu/g). This value 

was also slightly lower than the magnetic saturation (Ms) value of magnetic titania 

microbeads. This decrease should be probably due to the mass increase  

occurred depending upon the Au loading onto the magnetic titania microbeads. 

Turkevich and Martin AuNP decorated magnetic titania microbeads still exhibited 

superparamagnetic behaviors at room temperature.  
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4.4. Photocatalytic Activity Measurements 

TiO2 is the most common photocatalyst that is used for the degradation organic 

molecules particularly for phenolic compounds and textile dyes due to its high 

photocatalytic activity. Photocatalytic degradation rates of  organic molecules are 

affected by many parameters like pH, catalyst concentration, crystal composition, 

specific surface area, initial reactant concentration and temperature. The 

photocatalytic activity of titania microbeads were examined by the photocatalytic 

degradations of an azo dye, RB5 and phenol as organic compounds. 

4.4.1. Photocatalytic Degradation of Remazol Black 5 Dye with BareTitania 

Microbeads 

RB5 is an azo dye which is non-biodegradable under aerobic conditions and is 

very stable due to its complex molecular structure [192,193]. Under unaerobic 

conditions azo dyes can be degraded but hazardous and carcinogenic aromatic 

amines are formed as degradation products [193,194]. However, by using titania 

microbeads as photocatalyst complete degradation of RB5 in the aqueous medium 

was achieved using Degussa TiO2 nanoparticles ca. 21 nm in size [14]. In our 

case, a micron-size, monodisperse-porous TiO2 microbeads were first tried as a 

potential packable photocatalyst. The molecular structure of RB5 is given in Figure 

4.22.  

 

Figure 4.22. Molecular structure of RB5. 
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As seen in Figure 4.22., nitrogen to nitrogen double bonds (-N=N-) are the typical 

groups of azo dyes. Azo-bonds are the most active bonds in RB5 and can be 

oxidized either by positive holes or hydroxyl radicals which results in photocatalytic 

degradation of RB5 [195, 196]. 

The decolorization of RB5 dye solution with titania microbeads was monitored by 

UV-Vis spectroscopy. The concentration of RB5 was calculated based on the 

decrease in the absorbance peak at 598 nm, which was directly proportional to the 

decrease in the concentration of RB5. The UV-Vis spectra obtained at different 

time intervals during decolorization of RB5 dye solution (25 ppm, 100 mL) with 

titania microbeads (80 mg, calcination temperature: 450oC) at pH 7 are shown in 

Figure 4.23. 

 

 

 

Figure 4.23. UV-Vis spectra at different times during the decolorization of RB5 dye 

solution. (Conditions: pH: 7, catalyst amount: 80 mg, calcination temperature: 

450oC, RB dye solution: 25 ppm, 100 mL) 

The decrease in the absorbance at 598 nm due to photocatalytic degradation can 

be clearly seen from Figure 4.23. The complete decolorization of RB5 dye solution 

was achieved within 120 min. The concentration of RB5 dye in the solution at 
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certain times was determined according to the absorbance peak of RB5 dye and is 

given in Figure 4.24.  

 

Figure 4.24. The variation of RB5 dye concentration with the time during the 

photocatalytic degradation. (Conditions: pH: 7, catalyst amount: 80 mg, calcination 

temperature: 450oC, RB5 dye solution: 25 ppm, 100 mL). 

 

4.4.1.1. Effect of Calcination Temperature 

Titania photocatalysts in anatase phase show the highest photocatalytic activity. 

However, in some studies it was reported that pure anatase not always lead to the 

best photocatalytic performance [56, 57, 154]. The photocatalytic activity is also 

increased with higher surface area of the titania photocatalyst since the adsorption 

of higher amounts of reactant promotes the photodegradation reaction. 

Considering that the initial step of the photocatalytic degradation is the hydroxyl 

radical attack on the dye adsorbed onto the catalyst. Hence, the adsorption 

capacity of the photocatalyst is quite important. Higher surface area of the 

photocatalyst provides higher amounts of adsorbed dye which promotes the 

photocatalytic degradation. In order to obtain maximum photocatalytic activity, the 

surface area and the crystallinity of the titania photocatalyst should be considered 

together. The specific surface area and the crystallinity of titania microbeads 

significantly depend on the calcination temperature of titania-polymer composite 
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microbeads as discussed in Section 4.1.3.3.  It was found that the specific surface 

area of monodisperse-porous titania microbeads decreased while the rutile form in 

the crystal structure increased with the increasing calcination temperature.  

The effect of calcination temperature on the photocatalytic degradation of RB5 dye 

was investigated by the decolorization of RB5 solution (25 ppm, 100 mL, pH 3.5) 

with the bare titania microbeads (80 mg) calcined at different temperatures (450oC, 

500oC, 550oC, 600oC). The variation of RB5 concentration during the 

decolorization with the bare titania microbeads calcined at different temperatures 

are given in Figure 4.25.  

 

Figure 4.25. Effect of calcination temperature on the photocatalytic degradation of 

RB5 dye with bare titania microbeads. (Conditions: catalyst amount: 80 mg, RB5 

dye solution: 25 ppm, 100 mL, pH: 3.5). 

 

As a result of its highest specific surface area, almost 90 % w/w of RB5 dye was 

adsorbed by the bare titania microbeads calcined at 450oC in the solution before 

irradiation with a UV light-source. As seen in Figure 4.25., the adsorption of RB5 

on bare titania microbeads decreased, with increasing the calcination temperature 

of the microbeads. This decrease should be related to the decreasing surface area 
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with the increasing calcination temperature. However, the time needed for the 

complete decolorization of RB5 dye solution was 90 min for all microbeads 

calcined at different temperatures. This result exposed that the crystalline structure 

of bare titania microbeads was not effective on the photocatalytic degradation of 

RB5 dye. By considering the behaviour in Figure 4.25., the titania microbeads 

produced at the calcination temperature of 450oC were selected as the most 

suitable photocatalyst among the tried samples since the highest initial 

decolorization rate was achieved with this sample.  

4.4.1.2. Effect of pH  

Due to the amphoteric nature of titania, the surface charge of titania microbeads 

directly changes depending on pH. Then the adsorption of RB5 onto the titania 

microbeads accordingly the photocatalytic degradation of RB5 are affected by the 

surface charge. The point of zero-charge for titania is obtained at pH 6.5. Under 

acidic conditions (pH ≤ 6.5),  the titania microbeads are protonated, while under 

alkaline conditions (pH ≥ 6.5) they are deprotonated. Considering the SO3
− groups 

of RB5 (Figure 4.22.), a strong interaction occurs with positively charged titania 

microbeads in an acidic medium which results in higher adsorption of RB onto 

titania microbeads. However, negatively charged titania microbeads repels RB5 

and  the adsorption decreases in an alkaline medium.  

The effect of pH on the photocatalytic degradation rate of RB5 was investigated by 

the decolorization of RB5 dye solution (25 ppm, 100 mL) containing titania 

microbeads (80 mg, calcined at 450oC). The variation of RB5 concentration with 

the time during the decolorization of RB5 dye solution containing bare titania 

microbeads are given in Figure 4.26. 
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Figure 4.26. Effect of pH on the photocatalytic degradation rate of RB5 with bare 

titania microbeads.(Conditions: catalyst amount: 80 mg, calcination temperature: 

450oC,RB5 dye solution: 25 ppm, 100 mL). 

 

Before the irradiation with a UV light-source, nearly 90 % of RB5 dye in the 

solution was adsorbed by the titania microbeads at pH 3.5 due to the positively 

charged nature of titania microbeads (Figure 4.26.). Then highest decolorization 

rate was achieved at pH 3.5. The lowest adsorption and the lowest decolorization 

rate were obtained at pH 7. However, the decolorization rate at pH 9 was higher 

with respect to pH 7. This behaviour can be explained by the the higher 

concentration of hydroxyl radicals attacking to RB5 in the alkaline medium. 

4.4.1.3. Effect of Catalyst Amount 

In the photocatalytic degradations, the determination of the most appropriate 

amount of photocatalyst is crucial to ensure the total absorption of efficient 

photons . Hence,  the use of redundant catalyst is prevented [147].  On the other 

hand, the amount of photocatalyst at which all particles are fully illuminated 

depends on the geometry of the reactor and the conditions of the reaction. 
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The effect of catalyst amount on the photocatalytic degradation rate of RB5 was 

investigated by the decolorization of RB5 dye solution (25 ppm, 100 mL) with 

different amounts of bare titania microbeads (20 mg, 40 mg, 80 mg, calcined at 

450oC). The variation of RB5 concentration with the time during the decolorization 

with different amounts of bare titania microbeads are given in Figure 4.27.  

 

Figure 4.27. Effect of catalyst amount on the photocatalytic degradation rate of 

RB5 with bare titania microbeads.(Conditions: calcination temperature: 450oC, 

RB5 dye solution: 25 ppm, 100 mL, pH: 3.5). 

 

Here, the decolorization of dye solution should be evaluated as a process 

progressing based on both adsorption and photocatalytic degradation. Hence, the 

rate of dye removal from the aqueous medium should be considered as a 

magnitude depending upon both the rate of dye adsorption and the rate of 

photocatalytic decomposition. Hence, the observed dye removal rate should be 

controlled by the stage progressing with lower rate. As seen in Figure 4.27., the 

amount of dye adsorbed onto the titania microbeads increased with the increasing 

amount of titania microbeads before the UV-irradiation. The increase in the total 

surface area of the photocatalyst is of course the reason of this behaviour.  

Although the time for the complete decolorization was nearly same for the 
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photocatalyst amounts of 40 and 80 mg, the dye adsorption onto the photocatalyst 

at the beginning of decolorization was extremely lower for the photocatalyst 

amount of 40 mg. Note that, the complete decolorization was not achieved within 

90 min using 20 mg of bare titania microbeads. Although almost the same 

decolorization rates were achieved with 20 and 40 mg of bare titania microbeads, 

the concentration of RB5 was still high at the end of 90 min period for the 

photocatalyst amount of 20 mg since the initial dye removal via adsorption was too 

low with this amount.  

 

4.4.1.4. Effect of Initial RB5 Dye Concentration 

In photocatalytic degradations, the decolorization rate decreases with the 

increasing initial concentration of organic contaminant. All the catalytic sites of 

photocatalyst are occupied at high initial concentrations of organic molecules, 

which results in low degradation rate as the photocatalytic degradation takes place 

on the surface of the non-porous photocatalyst [15, 197, 198]. The effect of initial 

RB5 dye concentration on the photocatalytic degradation rate of RB5 dye was 

investigated by the decolorization of RB5 dye solution with different concentrations 

(25 ppm, 50 ppm, 100 ppm, 100 mL) with bare titania microbeads (80 mg, calcined 

at 450oC). The variation of RB5 dye concentration with the time during the 

decolorization of RB5 dye solution with bare titania microbeads are given in Figure 

4.28.  
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Figure 4.28. Effect of initial RB5 dye concentration on the photocatalytic 

degradation rate of RB5 dye with bare titania microbeads. (Conditions: catalyst 

amount: 80 mg, calcination temperature: 450oC, pH: 3.5). 

The results showed that the decolorization rate of RB5 dye solution strongly 

depends on the initial RB5 dye concentration. As seen in Figure 4.28., the 

photocatalytic degradation rate (i.e. the variation rate of RB5 concentration with 

the time) significantly increased with the increasing initial concentration of RB5 

dye. This result should be explained by the higher intraparticular diffusion rate of 

RB5 depending upon its higher solution concentration. It should be also noted that 

although the photocatalytic degradation rate was higher, the time necessary for 

complete decolorization was longer at higher RB5 concentration. 

4.4.1.5. Effect of Au Loading 

It is expected that loading of AuNPs on titania microbeads will increase the 

photocatalytic activity by decreasing the band-gap of titania microbeads.  As the 

band-gap of the titania microbeads decreases, the absorption of visible light 

increases which results in an enhancement in the photocatalytic activity of the 

photocatalyst. Photocatalytic activity of Au loaded titania microbeads depends on 

various factors like pH, AuNP size, and Au loading. To determine the effect of 
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AuNP loading on the photocatalytic activity, the most appropriate values for pH 

and AuNP size were determined. These studies are described below: 

4.4.1.5.1. Determination of appropriate pH 

The effect of pH on the photocatalytic degradation rate of RB5 with Turkevich 

AuNP decorated bare titania microbeads (80 mg, Au loading (w/w): 5 %) was 

investigated by decolorization of RB5 dye solution (25 ppm, 100 mL). The variation 

of RB5 concentration at different pH in the presence of Turkevich AuNP decorated 

titania microbeads is given in Figure 4.29.  

 

Figure 4.29. Effect of pH on the photocatalytic degradation rate of RB5 dye with 

Turkevich AuNP decorated bare titania microbeads. (Conditions: catalyst amount: 

80 mg, Au loading (w/w): 5 %, RB5 dye solution: 25 ppm, 100 mL). 

 

When compared with bare titania microbeads (Figure 4.26.), less amount of RB5 

was adsorbed by Turkevich AuNP decorated bare titania microbeads particularly 

in acidic region (i.e. pH 3 and 5) before irradiation with a UV light-source. The 

reasons of lower adsorption are: 1) less positively charged microbeads due to the 

negatively charged citrate ions on AuNPs and 2) lower SSA because of loading 

Turkevich AuNPs patticularly into the mesopores of bare titania microbeads. 



93 
 

Complete decolorization of RB5 in solution was again obtained within 90 min with 

acidic pHs. While complete decolorization was not obtained at pH 7 with bare 

titania microbeads in 90 min, it was achieved with the Turkevich AuNP decorated 

titania microbeads. The reason for lower decolorization rate at pH 9 compared to 

the bare titania microbeads can be attributted to the higher negative charge on the 

microbeads in the alkaline medium because of the citrate ions on immobilized 

AuNPs. As a result, only an enhancement in the photocatalytic activity was 

observed at pH 7, by loading citrate stabilized Turkevich AuNPs onto the bare 

titania microbeads. 

4.4.1.5.2. Determination of appropriate AuNP size 

The effect of AuNP size on the photocatalytic degradation rate of RB5 was 

investigated by the decolorization of RB5 dye solution (25 ppm, 100 mL) with 

AuNP decorated bare titania microbeads (80 mg, Au loading (w/w): 5 %) with 

different AuNP sizes. The variation of RB5 concentration with the time during the 

decolorization of RB5 dye solution with bare titania microbeads and AuNP 

decorated bare titania microbeads with different AuNP sizes are comparatively 

given in Figure 4.30.  

 

Figure 4.30. Effect of AuNP size on the photocatalytic degradation rate of RB5 

dye. (Conditions: catalyst amount: 80 mg, Au loading (w/w): 5 %, RB dye solution: 

25 ppm, 100 mL, pH: 7). 
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As seen in Figure 4.30., the loading of AuNPs onto the bare titania microbeads did 

not significanly affect on the amount of RB5 dye adsorbed onto the titania 

microbeads before irradiation as the surface charge of bare titania microbeads 

was zero at pH 7. However, the enhancement in the decolorization rate of RB5 

dye solution was observed with both Martin and Turkevich AuNP decorated bare 

titania microbeads compared to the bare titania microbeads. Under these 

conditions, the highest decolorization rate was observed with the Martin AuNP 

decorated bare titania microbeads in which the AuNP size was smaller. Kamat et 

al. also reported that small AuNPs induce larger shifts in the Fermi level than the 

large particles do, which means that the size of AuNPs directly effects 

photocatalytic activity [199].  

4.4.1.5.3. Effect of AuNP loading at the appropriate pH and appropriate 

AuNP size 

The effect of Au loading on the photocatalytic degradation rate of RB5 dye was 

investigated by the decolorization of RB5 dye solution (25 ppm, 100 mL) at pH 7 

with Turkevich AuNP decorated bare titania microbeads (80 mg) with different Au 

loadings. The variation of RB5 concentration with the time during the 

decolorization of RB5 dye solution with Turkevich AuNP decorated bare titania 

microbeads with different Au loadings are given in Figure 4.31. 
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Figure 4.31. Effect of weight percent of Au loading on the photocatalytic 

degradation rate of RB5 dye with Turkevich AuNP decorated bare titania 

microbeads. (Conditions: catalyst amount: 80 mg, RB5 dye solution: 25 ppm, 100 

mL, pH: 7).  

10 % of Au loading with the Turkevich AuNPs onto bare titania microbeads did not 

provide an enhancement in the decolorization rate of RB5 dye solution. The 

possible reasons of this behaviour 1) the blocking of catalytic active sites on titania 

microbeads by the AuNPs with high surface concentration of AuNPs and 2) the 

decrease in the light permeability within the titania microbeads due to the high 

surface concentration of AuNPs. As seen in Figure 4.31., the rate of decolorization 

with Turkevich AuNP decorated bare titania microbeads with 5 % of Au loading 

was slightly higher compared to 2.5 % of  Au loading. The most approriate Au 

loading was chosen as 5 % for the Turkevich AuNP decorated bare titania 

microbeads. The effect of Au loading on the photocatalytic degradation rate of 

RB5 dye was investigated by the decolorization of RB5 dye solution (25 ppm, 100 

mL) at pH 7 with Martin AuNP decorated bare titania microbeads (80 mg) with 

different Au loadings. The variation of RB5 concentration with time during the 

decolorization of RB5 dye solution with Martin AuNP decorated-bare titania 

microbeads with different Au loadings are given in Figure 4.32. 
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Figure 4.32. Effect of weight percent of Au loading on the photocatalytic 

degradation rate of RB5 dye with Martin AuNP decorated bare titania microbeads. 

(Conditions: catalyst amount: 80 mg, RB dye solution: 25 ppm, 100 mL, pH: 7).  

 

As seen in Figure 4.32., only an enhancement in the photocatalytic activity was 

achieved with the Au loading of 5 % using Martin AuNP decorated titania 

microbeads. The complete decolorization of RB5 dye solution was observed in a 

shorter time (60 min) with respect to the bare titania microbeads under the same 

conditions. The enhancement in the photocatalytic degradation rate of RB5 could 

not be observed with the other Au loadings. 2.5 % of AuNP loading was probably 

insufficient for the enhancement. The blocking of photocatalytic active sites and 

the decrease in the light permeability due to the high surface concentration of 

AuNPs should be evaluated as the reasons involving lower decolorization rate with 

10 % of Au loading.  
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4.4.1.6. Reusability 

The reusability was investigated only with the Martin AuNP decorated titania 

microbeads which has the highest photocatalytic activity. To obtain the reusability 

of Martin AuNP decorated bare titania microbeads (80 mg, Au loading: 5 % 

(%w/w)), the decolorization of RB5 dye solution (25 ppm, 100 mL) at pH 7 was 

repeated for five times under the same conditions. The total decolorization time 

was 60 min. After each experiment, the photocatalyst was recovered by rinsing 

with water for several times for reuse. The percent of removal values for RB5 dye 

achieved after each cycle are given in Figure 4.33. 

.  

Figure 4.33. Reusability of Martin AuNP decorated bare titania microbeads in 

decolorization of RB5 dye solution. (Conditions: catalyst amount: 80 mg, Au 

loading (%w/w): 5 %, RB5 dye solution: 25 ppm, 100 mL, pH: 7). 

 

The percent of removal decreased about 5 % after the third cycle. At the end of 

the fifth cycle, only 10 % of decrease in the percent removal was observed (Figure 

4.33.). This decrease could be ascribed to the adsorption of degradation products 

on the photoactive sites of the Martin AuNP decorated titania microbeads.  
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4.4.2. Photocatalytic Degradation of RB5 with Magnetic Titania Microbeads 

It is important to achieve the photocatalytic degradation of RB5 dye with magnetic 

titania microbeads because photocatalyst can be easily recovered from the 

reaction medium by applying an external magnetic field.  

4.4.2.1. Effect of pH  

Due to the amphoteric nature of titania and magnetic nanoparticles, the surface 

charge of magnetic titania microbeads directly changes with the pH of the reaction 

medium. Surface charge affects on the adsorption of RB5 onto the magnetic 

titania microbeads accordingly the photocatalytic degradation of RB5 dye. The 

points of zero charge for TiO2 and Fe3O4 are about at pH 6.5 and pH 7.9, 

respectively [161].  As mentioned in chapter 4.4.1.2, magnetic titania microbeads 

are protonated under acidic conditions (pH ≤ 6.5), while they are deprotonated 

under alkaline conditions (pH ≥ 6.5). The addition of Fe3O4 nanoparticles into the 

structure of titania microbeads increases the surface charge in both acidic and 

alkaline conditions. In the acidic medium, the interaction between RB5 molecules 

containing SO3
− groups and magnetic titania microbeads should be stronger due 

to the higher positive charge originating from magnetic nanoparticles on the 

microbeads with respect to the bare titania microbeads. Hence, higher RB5 

adsorption onto the magnetic titania microbeads should be observed. However, in 

the alkaline medium, the electrostatic repulsion between the RB5 molecules and 

more negatively charged magnetic titania microbeads should be stronger which 

diminishes the adsorption of RB5 dye onto the microbeads. 

The effect of pH on the photocatalytic degradation rate of RB5 was investigated by 

the decolorization of RB5 dye solution (25 ppm, 100 mL) at different pH with 

magnetic titania microbeads (80 mg, calcined at 450oC). The variation of RB5 

concentration with the time with magnetic titania microbeads are given in Figure 

4.34. for different pH values.  
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Figure 4.34. Effect of pH on the photocatalytic degradation rate of RB5 dye with 

magnetic titania microbeads. (Conditions: catalyst amount: 80 mg, calcination 

temperature: 450oC, RB dye solution: 25 ppm, 100 mL). 

 

When compared with the bare titania microbeads (Figure 4.26.), higher RB5 

adsorption onto the magnetic titania microbeads was observed in the acidic 

medium before the irradiation. As expected the initial concentrations of RB5 dye in 

the solutions was nearly same at pH 7 and pH 9 as there was no significant 

interaction between the RB5 dye and magnetic titania microbeads. The complete 

decolorization with the magnetic titania microbeads was achieved only in the 

acidic medium at extended times (180 min). Hence, a decrease in the 

photocatalytic activity was observed by the magnetization with respect to the bare 

titania microbeads. The transfer of electrons and holes from TiO2 to magnetic iron 

oxide nanoparticles and their recombination on the magnetic iron oxide core and 

the decrease in the light permeability within the titania microbeads due to the 

magnetic iron oxide nanoparticles are probaly the reasons for the decrease in the 

photocatalytic activity with respect to the bare titania microbeads. The 

decolorization of RB5 dye solution at pH 9 could not be achieved probably due to 
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high electrostatic repulsion between the negatively charged magnetic titania 

microbeads and RB5. 

 

4.4.2.2. Effect of Catalyst Amount 

The effect of catalyst amount on the photocatalytic degradation rate was 

investigated by the decolorization of RB5 dye solution (25 ppm, 100 mL) with 

different amounts of magnetic titania microbeads (20 mg, 40 mg, 80 mg, calcined 

at 450oC). The variation of RB5 concentration with the time during the 

decolorization of RB5 dye solution in the presence of magnetic titania microbeads 

are given in Figure 4.35. 

 

Figure 4.35. Effect of catalyst amount on the photocatalytic degradation rate of 

RB5 dye with magnetic titania microbeads. (Conditions: calcination temperature: 

450oC, RB dye solution: 25 ppm, 100 mL, pH: 3.5). 
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As seen in Figure 4.35., RB5 adsorption onto the magnetic titania microbeads 

increased by increasing the amount of photocatalyst. The complete decolorization 

was only achieved with 80 mg of magnetic titania microbeads within 180 min. 

Lower amounts of magnetic titania microbeads was not enough to obtain complete 

decolorization.  

 

4.4.2.3. Effect of RB5 Dye Concentration 

The effect of initial dye concentration on the photocatalytic degradation rate  was 

investigated by the decolorization of RB dye solution with different concentrations   

(25 ppm, 50 ppm, 100 ppm, 100 mL) in the presence of magnetic titania 

microbeads (80 mg, calcined at 450oC). The variation of RB5 concentration with 

the time during the decolorization of RB5 dye solution with different concentrations 

in the presence of  magnetic titania microbeads are given in Figure 4.36.  

 

 

Figure 4.36. Effect of initial dye concentration on the photocatalytic degradation 

rate of RB5 dye in the presence of magnetic titania microbeads (Conditions: 

catalyst amount: 80 mg, calcination temperature: 450oC, pH: 3.5). 
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The results showed that the decolorization rate strongly depended on the initial 

RB5 dye concentration. Increasing the initial concentration increased the time 

needed for the complete decolorization of RB5 dye solution. The generation rate of 

hydroxyl radicals was reduced since the some of the photocatalytic active sites 

were occupied by the adsorbed RB5 dye molecules. The transfer of electrons and 

holes from TiO2 to magnetic iron oxide nanoparticles could be the other possible 

reasons explaining this behaviour.  

 

4.4.2.4. Effect of Au Loading 

The photocatalytic activity of AuNP loaded magnetic titania microbeads was 

investigated by changing pH, AuNP size and AuNP loading onto the magnetic 

titania microbeads. The results of these studies are given below:  

 

4.4.2.4.1. Effect of pH  

The effect of pH on the photocatalytic degradation rate was investigated by the 

decolorization of RB5 dye solution (25 ppm, 100 mL) with Turkevich AuNP 

decorated magnetic titania microbeads (80 mg, Au loading (w/w): 5 %). The 

variation of RB5 concentration with the time  during the decolorization of RB5 dye 

solution at different pH values containing Turkevich AuNP decorated magnetic 

titania microbeads are given in Figure 4.37. 
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Figure 4.37. Effect of pH on the photocatalytic degradation rate of RB5 dye with 

Turkevich AuNP decorated magnetic titania microbeads. (Conditions: catalyst 

amount: 80 mg, Au loading (w/w): 5 %, RB dye solution: 25 ppm, 100 mL). 

 

Detrimental effects were observed on the adsorption of RB5 dye before irradiation 

and photocatalytic degradation of RB5 dye at all pH values by decorating magnetic 

titania microbeads with the Turkevich AuNPs. As seen in Figure 4.37., the 

complete decolorization could not be achieved at all pH values. The reasons of 

these detrimental effects could be: 1) the formation of less positively charged 

microbeads due to the negatively charged citrate ions of AuNPs, 2) the generation 

of less hydroxyl radicals due to the transfer of electrons and holes from titania to 

magnetic iron oxide nanoparticles and 3) the decrease in the light permeability of 

titania microbeads by the incorporation of  Turkevich AuNPs.  

 

4.4.2.4.2. Effect of Gold Nanoparticle Size 

The effect of  AuNP size on the photocatalytic degradation rate was investigated 

by the decolorization of RB5 dye solution (25 ppm, 100 mL) with the magnetic 

titania microbeads carrying AuNPs with different sizes (80 mg, Au loading (w/w): 5 
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%). The variation of RB5 concentration with the time during the decolorization of 

RB5 dye solution with magnetic titania microbeads and AuNP decorated magnetic 

titania microbeads are comparatively given in Figure 4.38. 

 

 

Figure 4.38. Effect of AuNP size on the photocatalytic degradation rate of RB5 

dye. (Conditions: catalyst amount: 80 mg, Au loading (w/w): 5 %, RB5 dye 

solution: 25 ppm, 100 mL, pH: 7). 

As seen in Figure 4.38., no significant enhancement was observed in the 

photocatalytic degradation rate of RB5 at pH 7 by loading Martin and Turkevich 

AuNPs onto the magnetic titania microbeads. The complete decolorization of RB5 

dye solution could not be achieved in 180 min with all magnetic photocatalysts. 

 

4.4.2.4.3. Effect of of Au Loading 

The effect of Au loading on the photocatalytic degradation rate was investigated by 

the decolorization of RB5 dye solution (25 ppm, 100 mL) at pH 7 with Martin AuNP 

decorated magnetic titania microbeads (80 mg) with different Au loadings. The 

variation of RB5 concentration with the time during the decolorization with Martin 



105 
 

AuNP decorated magnetic titania microbeads with different Au loadings are given 

in Figure 4.39.  

 

Figure 4.39. Effect of Au loading on the photocatalytic degradation rate of RB5 

with Martin AuNP decorated magnetic titania microbeads. (Conditions: catalyst 

amount: 80 mg, RB dye solution: 25 ppm, 100 mL, pH: 7). 

 

As seen in Figure 4.39., a certain effect of weight percent of Au loading on 

photocatalytic activity of Martin AuNP decorated magnetic titania microbeads 

could not be obtained. The complete decolorization of RB5 dye solution could not 

achieved with none of the weight percents of Au loading.  

 

4.4.2.5. Reusability 

The reusability was investigated only for magnetic titania microbeads which has 

the highest photocatalytic activity. To obtain the reusability of magnetic titania 

microbeads (80 mg), the photocatalytic degradation of RB5 dye solution (25 ppm, 

100 mL) at pH 3.5 was repeated for five times under the same conditions. After 

each experiment, the photocatalyst was recovered by rinsing with water for several 

times for reuse. The percent of dye removal in each run is  given in Figure 4.40. 



106 
 

 

Figure 4.40. Reusability of magnetic titania microbeads in the decolorization of 

RB5 dye solution. (Conditions: catalyst amount: 80 mg, calcination temperature: 

450oC, RB5 dye solution: 25 ppm, 100 mL, pH: 3.5) 

 

The percent of dye removal decreased nearly 6 % after 3 cycles and was 88.6 % 

after being reused five times (Figure 4.40.). This decrease could be ascribed to the 

adsorption of degradation products onto the photocatalytically active sites of the 

magnetic titania microbeads.  

 

4.4.3. Photocatalytic Degradation of Phenol with Bare Titania Microbeads 

Phenol is a highly toxic and carcinogenic compound which can cause serious 

damage to human health. Therefore, numerous studies on the photocatalytic 

degradation of phenol were already published [18-23].  

The parameters controlling the photocatalytic degradation of phenol with titania 

microbeads are the crystalline structure and the surface area of catalyst, the 

amount of catalyst, pH, initial phenol concentration, light intensity, and the partial 

pressure of oxidation agent, mostly oxygen. Figure 4.41. shows a typical reaction 

pathway for the photocatalytic degradation of phenol and the formation of 

intermediates. During the photocatalytic degradation, the reaction occurs by the 
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attack of hydroxyl radicals onto the phenyl ring of phenol which results in major 

intermediates like catechol, hydroquinone, and benzoquinone [200]. Additionally, 

some carboxylic acids like oxalic acid, lactic acid, fumaric acid, maleic acid, and 

formic acid could be formed as intermediates [200-206]. At the end of the 

degradation with optimum conditions, all intermediates turn into CO2 and H2O.  

 

Figure 4.41. A proposed model for the photocatalytic degradation of phenol.  

The HPLC chromatograms obtained at different reaction times during the 

photocatalytic degradation of phenol (50 ppm, 100mL) with the bare titania 

microbeads (160 mg, calcination temperature: 450oC) at pH 7 are shown in Figure 

4.42.  
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Figure 4.42. HPLC chromatograms obtained at different times during the 

photocatalytic degradation of phenol. (Conditions: catalyst amount: 160 mg, 

calcination temperature: 450oC, phenol solution: 50 ppm, 100 mL, pH: 7). 

 

The decrease in the phenol peak due to photocatalytic degradation can be clearly 

seen from Figure 4.42. The major intermediates formed by the photocatalytic 

degradation of phenol with bare titania microbeads were detected as 

benzoquinone and hydroquinone, respectively. Depending on the degradation of 

phenol, the intensities of the peaks belonging to benzoquinone and hydroquinone 

increased till 180 min. As the photocatalytic degradation continued, the areas of  

intermediate peaks also started to decrease due to their degradation into CO2 and 

H2O. The complete photocatalytic degradation of phenol and the intermediates 

was achieved within 270 min.  The concentration of phenol in the solution at a 

certain time was determined according to the area under the peak of phenol and is 

given in Figure 4.43.  
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Figure 4.43. The variation of phenol concentration with the time in the degradation 

of phenol with bare titania microbeads. (Conditions: catalyst amount: 160 mg, 

calcination temperature: 450oC, Phenol solution: 50 ppm, 100 mL, pH: 7). 

 

4.4.3.1. Effect of pH  

The charge characteristics of titania microbeads and phenol have a significant 

effect on the adsorption of phenol onto the titania microbeads.  At a pH lower than 

the pKa of phenol (i.e. 9), phenol acts as neutral compound. However, phenol is 

negatively charged above this value. The effect of pH on the photocatalytic 

degradation rate was investigated by the photocatalytic degradation of phenol 

solution (50 ppm, 100 mL) with bare titania microbeads (160 mg, calcined at 

450oC). The variation of phenol concentration with the time during the 

photocatalytic degradation with the bare titania microbeads at different pH values 

are given in Figure 4.44.  
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Figure 4.44. Effect of pH on the photocatalytic degradation rate of phenol with 

bare titania microbeads. (Conditions: catalyst amount: 160 mg, calcination 

temperature: 450oC, phenol solution:  50 ppm, 100 mL). 

 

After addition of bare titania microbeads, phenol solution was equilibrated in dark 

under magnetic stirring for 20 min. The change in the phenol concentration before 

the irradiation was negligible at each pH. Hence, the adsorption of phenol onto the 

bare titania microbeads was inconsiderable (Figure 4.44.). Because no specific 

interaction was occurred between the positively charged or neutral bare titania 

microbeads and neutral phenol molecules at acidic pH and pH 7, which are lower 

than the pKa value of phenol. At pH 9, negatively charged bare titania microbeads 

repels  the negatively charged phenol which diminishes the phenol adsorption. 

When the effect of pH on the photocatalytic degradation rate of phenol was 

investigated, it was observed that the highest degradation rate was observed at 

pH 7. The complete photodegradation of phenol at pH 7 was achieved in a shorter 

time (270 min) compared to the other pH values. The reason of the higher 

degradation rate at pH 7 probably should be  the higher hydroxyl ion concentration 

leading to  higher number of hydroxyl radicals (·OH) per volume with respect to 

acidic pH region [207]. Despite the highest number of hydroxyl radicals per volume 
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(·OH), the photocatalytic degradation rate of phenol was lowest at pH 9 because 

both phenol and bare titania microbeads were negatively charged at this pH. 

 

4.4.3.2. Effect of Catalyst  

It was reported that photocatalytic degradation rate increases with increasing the 

catalyst amount up to a certain value [147]. After this value, the photocatalytic 

degradation rate decreases because of the light scattering and screening effects 

[147]. Although the photocatalytic active sites in the solution increase with the 

increase in the catalyst amount, the excessive particle concentration seriously 

prevents the light penetration which causes non-uniform distribution of light 

intensity in the solution. Therefore it is important to use the most appropriate 

amount of photocatalyst.   

The effect of catalyst amount on the photocatalytic degradation rate was 

investigated by the photocatalytic degradation of phenol solution (50 ppm, 100 mL) 

with different amounts of bare titania microbeads (80 mg, 160 mg, 240 mg, 

calcined at 450oC). The varition of  phenol concentration with the time during the 

photocatalytic degradation with different amounts of bare titania microbeads are 

given in Figure 4.45. As seen in Figure 4.45., increasing the amount of bare titania 

microbeads increased the photocatalytic degradation rate and decreased the time 

needed for the complete degradation of phenol. However, increasing the amount 

over 160 mg resulted in a decrease in the photocatalytic degradation rate, which 

can be attributed to the light scattering due to the substantial amount of 

photocatalyst. In order to obtain the total absorption of efficient photons, 160 mg of 

bare titania microbeads was decided as the optimum catalyst amount for the 

photocatalytic degradation of phenol in a 100 mL of reaction volume. 
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Figure 4.45. Effect of catalyst amount on the photocatalytic degradation rate of 

phenol with bare titania microbeads. (Conditions: Calcination temperature: 450oC, 

phenol solution:  50 ppm, 100 mL, pH : 7). 

 

4.4.3.3. Effect of Phenol Concentration 

As reported in several studies, higher amounts of hydroxyl radicals are needed at 

higher concentrations of phenol for the photocatalytic degradation [207-209]. 

When the other reaction conditions (i.e. light intensity, catalyst amount and 

duration of irradiation) are kept constant, the formation rate of hydroxyl radicals on 

the catalyst surface is the same. In such a case, the number of hydroxyl radicals is 

not enough to attack all of the phenol molecules. Consequently, the photocatalytic 

degradation decreases at higher phenol concentrations. The effect of phenol 

concentration on the photocatalytic degradation rate was investigated by the 

photocatalytic degradation of phenol solutions with different concentrations (25 

ppm, 50 ppm, 100 ppm) with bare titania microbeads (160 mg, calcined at 450oC). 

The variation of phenol concentration with the time during the photocatalytic 

degradation at different concentrations are given in Figure 4.46. 
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Figure 4.46. Effect of initial phenol concentration on the photocatalytic 

degradation rate of phenol with bare titania microbeads. (Conditions: Catalyst 

amount: 160 mg, Calcination temperature: 450oC, pH :7). 

 

The results showed that the number of hydroxyl radicals formed with 160 mg of 

bare titania microbeads was adequate for the photocatalytic degradation of phenol 

with the initial concentrations of 25 ppm and 50 ppm. As expected, by increasing 

the phenol concentration over 50 ppm the photocatalytic degradation rate 

decreased (Figure 4.46.).  

4.4.3.4. Effect of Au Loading 

For the enhancement of photocatalytic activity of the titania photocatalysts, AuNPs 

were doped as reported in many researches [166-169]. The effect of AuNPs on 

the photocatalytic activity depends on some parameters like size of AuNPs, AuNP 

loading and other photocatalytic degradation conditions. Both enhancement and 

inhibition on the photocatalytic activity of titania photocatalysts have been reported 

by doping AuNPs [167-169]. 
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4.4.3.4.1. Effect of AuNP Size 

The effect of AuNP size on the photocatalytic degradation rate was investigated by 

photocatalytic degradation of phenol solution (50 ppm, 100 mL) with decorated 

bare titania microbeads with AuNPs in different sizes. The variation of phenol 

concentration with the time during the photocatalytic degradation with bare titania 

microbeads and decorated bare titania microbeads with AuNPs in different sizes 

are given in Figure 4.47.  

 

Figure 4.47. Effect of AuNP size on the photocatalytic degradation rate of phenol. 

(Conditions: Catalyst amount: 160 mg; Calcination temperature: 450oC; Au loading 

(w/w %) : 5 %; Phenol solution: 50 ppm, 100 mL; pH : 7). 

As seen in Figure 4.47., inhibition was observed instead of enhancement on 

photocatalytic degradation rate of phenol by loading Martin and Turkevich AuNPs 

onto the bare titania microbeads. When the photocatalytic degradation rates of 

Martin and Turkevich AuNP decorated bare titania microbeads are compared, it 

was observed that AuNPs in lower size provided a slightly better photocatalytic 

activity. From these results, it can be concluded that bare titania microbeads 

performed higher photocatalytic activity compared to the AuNP decorated bare 

titania microbeads under these conditions. 
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4.4.3.4.2. Effect of Au Loading 

The effect of Au loading on the photocatalytic degradation rate was investigated by 

the photocatalytic degradation of phenol solution (50 ppm, 100 mL, pH 7) with 

Martin AuNP decorated titania microbeads (160 mg, calcined at 450oC) with 

different Au loadings. The variation of phenol concentration with the time during 

the photocatalytic degradation with Martin AuNP decorated titania microbeads with 

different Au loadings are given in Figure 4.48. 

 

 

Figure 4.48. Effect of Au loading on the photocatalytic degradation rate of phenol 

with Martin AuNP decorated bare titania microbeads. (Conditions: Catalyst 

amount: 160 mg; Calcination temperature: 450oC; Phenol solution: 50 ppm, 100 

mL; pH :7). 

As seen in Figure 4.48., the amount of phenol degraded with 5 % of Au loading 

was higher with respect to the other preparations. Unfortunately, changing the Au 

loading did not provide an enhancement on the photocatalytic activity of titania 

microbeads.   
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4.4.3.5. Reusability 

The reusability experiments were done only with bare titania microbeads which 

has the highest photocatalytic activity. To obtain the reusability of bare titania 

microbeads (160 mg), the photocatalytic degradation of phenol solution (50 ppm, 

100 mL) was repeated for five times at optimum conditions. After each experiment, 

the photocatalyst was recovered by rinsing with water for several times for reuse. 

The percent of removal in  each run is given in Figure 4.49. 

 

 

Figure 4.49. Reusability of bare titania microbeads in the photocatalytic 

degradation of phenol.  (Conditions: Catalyst amount: 160 mg; Calcination 

temperature: 450oC; Phenol solution: 50 ppm, 100 mL; pH :7). 

 

The phenol removal decreased only 2.3 % after 3 cycles. In the fifth cycle, the 

decrease in the percent removal of phenol was 11.1 % (Figure 4.49.). The 

adsorption of degradation products onto the photoactive sites of bare titania 

microbeads is probably the decrease in the photocatalytic activity of bare titania 

microbeads.  
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4.4.4. Photocatalytic Degradation of Phenol with Magnetic Titania 

Microbeads 

It is important to achieve the photocatalytic degradation of phenol with magnetic 

titania microbeads as it provides the ease of recovering the photocatalyst from the 

reaction solution by applying only an external magnetic field. To obtain the 

photocatalytic activity of magnetic titania microbeads, photocatalytic degradation 

of phenol solution was performed under the same experimental conditions used 

with bare titania microbeads. The variation of phenol concentration with the time 

during the photocatalytic degradation with bare and magnetic titania microbeads 

are comparatively given in Figure 4.50.  

 

 

Figure 4.50. Comparison of the photocatalytic activity of bare and magnetic titania 

microbeads. (Conditions: Catalyst amount: 160 mg; Calcination temperature: 

450oC; Phenol solution: 50 ppm, 100 mL; pH :7). 

 

The results showed that magnetic titania microbeads could not perform such a 

good photocatalytic activity like bare titania microbeads under the same 

experimental conditions (Figure 4.50.). The reason of poor photocatalytic activity 
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could be ascribed to the transfer of electrons and holes from TiO2 to magnetic iron 

oxide nanoparticles and their recombination at the iron oxide core. 

 

4.4.4.1. Effect of Au Loading 

To obtain a better photocatalytic activity with the magnetic titania microbeads, 

AuNPs with different sizes were loaded on the magnetic titania microbeads. The 

effect of Au loading on the photocatalytic degradation rate of phenol was 

investigated by photocatalytic degradation of phenol solution (50 ppm, 100 mL) 

with decorated magnetic titania microbeads with AuNPs in different sizes. The 

variation of phenol concentration with the time using magnetic titania microbeads 

and decorated magnetic titania microbeads with AuNPs in different sizes are given 

in Figure 4.51.  

 

Figure 4.51. Effect of Au loading on the photocatalytic degradation rate of phenol 

with magnetic titania microbeads. (Conditions: Catalyst amount: 160 mg; 

Calcination temperature: 450oC; Au loading (w/w %) : 5 %; Phenol solution: 50 

ppm, 100 mL; pH :7). 
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As seen in Figure 4.51., the loading AuNPs synthesized with both Martin and 

Turkevich methods, onto the magnetic titania microbeads resulted in the inhibition 

of photocatalytic activity. When the photocatalytic degradation rates of Martin and 

Turkevich AuNP decorated titania microbeads are compared, it was observed that 

the loading AuNPs in lower size provided slightly better photocatalytic activity. It 

can be concluded that an enhancement in the photocatalytic activity of magnetic 

titania microbeads could not achieved by loading AuNPs with different sizes. 

 

4.5. Plasmonic Catalytic Activity Measurements 

Au catalysts exhibit high plasmonic catalytic activity on many reactions like 

oxidation of carbonmonoxide, alcohols and diols, reduction of organic compounds 

with borohydride [210, 211]. Although AuNPs perform their plasmonic catalytic 

activity without a solid support, the agglomeration of AuNPs in the reaction 

medium is a major disadvantage. To overcome this instability, different 

approaches have been tried in the literature like supporting gold nanoparticles on 

porous solids like polymers and metal oxides. In addition to the stability, the 

supporting of AuNPs on porous solids provides easy removal of catalyst from the 

reaction medium.  Plasmonic catalytic activity of Au supported catalysts depends 

on some parameters like AuNP size and Au loading, catalyst amount, initial 

reactant concentration and temperature.  

4.5.1. Reduction of 4-Nitrophenol 

The model reaction for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-

AP) with AuNPs by using excess amount of sodium borohydride is given in Figure 

4.52.  

 

Figure 4.52. Model reaction for the reduction of 4-NP to 4-AP. 
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As shown in Figure 4.52., 4-nitrophenolate ion is formed by the addition of NaBH4 

into 4-NP solution. The absorption peak of 4-NP shifts from 313 nm to 400 nm 

after the addition of NaBH4 due to the formation of 4-nitrophenolate ion with a 

color change from light yellow to dark yellow. The absorption peak at 400 nm 

remains the same after several days in spite of excess NaBH4. Hence, no 

reduction occurs without Au supported catalyst. 

4.5.2. Plasmonic catalysis of 4-NP with Turkevich AuNP Decorated Bare and 

MagneticTitania Microbeads 

The plasmonic catalytic activity of Turkevich AuNP decorated bare and magnetic 

titania microbeads were obtained by the reduction of 4-NP solution. The reduction 

of 4-NP to 4-AP (the change in the intensity of absorption of nitrophenolate) was 

monitored by UV-Vis spectroscopy.  

The UV-Vis spectra obtained at different time intervals during the reduction of 4-

NP solution (7.5 ppm, 24 mL) with Turkevich AuNP decorated magnetic titania 

microbeads (1 mg, Calcination temperature: 450oC) by using excess amount of 

sodium borohydride at 20oC are shown in Figure 4.53. 

 

Figure 4.53. UV-Vis spectra at different times during the reduction of 4-NP. 

(Conditions: Catalyst: Turkevich AuNP decorated magnetic titania microbeads, 

Catalyst amount: 1 mg, Calcination temperature: 450oC, Au loading (w/w %) : 5 %;  

4-NP solution: 7.5 ppm, 24 mL, Temperature: 20oC) 
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UV–Vis spectra shown in Figure 4.53. exposed that the peak at 400 nm 

corresponded to the formation of 4-nitrophenolate anion by the addition of NaBH4.  

Due to the reduction of 4-NP with Turkevich AuNP decorated magnetic titania 

microbeads, the intensity of the 4-NP peak at 400 nm decreased continuously, 

while the intensity of 4-AP peak at 300 nm increased. As a result, the complete 

reduction of 4-NP at given conditions was achieved within 32 min.  

The concentration of 4-NP was calculated according to the decrease in the 

absorbance peak at 400 nm, which was directly proportional to the reduction in 4-

NP concentration. The variation of  4-NP concentration during the reduction of 4-

NP solution (7.5 ppm, 24 mL) containing Turkevich AuNP decorated bare and 

magnetic titania microbeads is given in Figure 4.54.  

 

 

Figure 4.54. 4-NP concentration with time. (Conditions: Catalysts: Turkevich 

AuNP decorated bare and magnetic titania microbeads, Catalyst amount: 1 mg, 

Calcination temperature: 450oC, Au loading (w/w %) : 5 %;  4-NP solution: 7.5 

ppm, 24 mL, Temperature: 20oC) 
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As seen in Figure 4.54., similar reduction rates of 4-NP were observed with both 

Turkevich AuNP decorated bare and magnetic titania microbeads. So, it can be 

concluded that using bare or magnetic titania microbeads as a support for AuNPs 

did not effect the reduction rate of 4-NP. Therefore, only the magnetic titania 

microbeads was used as support due to easy removal from the reaction medium. 

4.5.2.1. Plasmonic catalysis of 4-NP with Turkevich AuNP Decorated 

MagneticTitania Microbeads 

4.5.2.1.1. Effect of Catalyst Amount 

The effect of catalyst amount on the plasmonic catalytic degradation rate of 4-NP 

was investigated with reduction of 4-NP solution (7.5 ppm, 24 mL) with different 

amounts of Turkevich AuNP decorated magnetic titania microbeads (1 mg, 2.5 

mg, 5 mg, 10 mg, Au loading (w/w %) : 5 %). The variation of 4-NP concentration 

with the time during the reduction of 4-NP with different amounts of Turkevich 

AuNP decorated magnetic titania microbeads are given in Figure 4.55. 

 

Figure 4.55. Effect of catalyst amount on the plasmonic catalytic degradation rate 

of 4-NP with Turkevich AuNP decorated magnetic titania microbeads. (Conditions: 

Calcination temperature: 450oC,Au loading (w/w %): 5 %;4-NP solution: 7.5 ppm, 

24 mL, Temperature: 20oC ). 
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Figure 4.55. shows that the reduction rate of 4-NP increased evidently by 

increasing the amount of Turkevich AuNP decorated magnetic titania microbeads 

till 5 mg. However, the reduction rate did not increase for the catalyst amounts 

higher than 5 mg. This result can be explained by the effect of internal mass-

transfer limitation on the observed rate depending upon the initial bulk-

concentration of 4-NP (i.e. intraparticular diffusion of 4-NP within the porous-

magnetic titania microbeads). Based on these results, 1 mg of Turkevich AuNP 

decorated magnetic titania microbeads was used in scanning other experimental 

parameters to observe the effects clearly. 

 

4.5.2.1.2. Effect of Temperature  

To obtain the effect of temperature, the plasmonic catalytic degradation rate of 4-

NP solution (7.5 ppm, 24 mL)  with Turkevich AuNP decorated magnetic titania 

microbeads (1 mg, Au loading (w/w %): 5 %) was performed at different 

temperatures (10°C, 20°C, 30°C, and 40°C). The variation of 4-NP concentration 

with the time during the reduction of 4-NP with Turkevich AuNP decorated 

magnetic titania microbeads at different temperatures are given in Figure 4.56. As 

seen in Figure 4.56., the reduction rate of 4-NP increased with increasing 

temperature due to the increase in the reaction rate constant.  
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Figure 4.56. Effect of temperature on the plasmonic catalytic degradation rate of 

4-NP with Turkevich AuNP decorated magnetic titania microbeads. (Conditions: 

Catalyst amount: 1 mg; Calcination temperature: 450oC; Au loading (w/w %) : 5 %;  

4-NP solution: 7.5 ppm, 24 mL). 

4.5.2.1.3. Effect of Initial 4-NP Concentration  

To obtain the effect of initial 4-NP concentration, the plasmonic catalytic 

degradation rate of 4-NP solutions at different concentrations (3.75 ppm, 7.5 ppm 

and 15 ppm) with Turkevich AuNP decorated magnetic titania microbeads (1 mg, 

Au loading (w/w %): 5 %) was performed at 20°C. The variaton of 4-NP 

concentration with the time at different initial concentrations of 4-NP with Turkevich 

AuNP decorated magnetic titania microbeads are given in Figure 4.57.  
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Figure 4.57. Effect of initial 4-NP concentration on the plasmonic catalytic 

degradation rate of 4-NP with Turkevich AuNP decorated magnetic titania 

microbeads. (Conditions: Catalyst amount: 1 mg; Calcination temperature: 450oC; 

Au loading (w/w %) : 5 %;  Temperature: 20oC). 

The results showed that the reduction rate of 4-NP decreased with the increase in 

the initial concentration of 4-NP solution (Figure 4.57.). The reason of this 

decrease could be ascribed to the inadequate amount of Turkevich AuNPs for the 

reduction of more 4-NP molecules. 

4.5.3. Enhancement on the Plasmonic Catalytic Activity 

4.5.3.1. Effect of AuNP Size 

It was reported that AuNPs at lower size have higher redox potential which 

accelerates the electron transfer and thereby increases the reaction rate of 

catalytic reactions. The effect of AuNP size on the plasmonic catalytic degradation 

rate of 4-NP was investigated by reduction of 4-NP solution (7.5 ppm, 24 mL) with 

AuNP decorated magnetic titania microbeads carrying AuNP with different sizes (1 

mg, Au loading (w/w): 5 %). The variation of 4-NP concentration with the time 

using magnetic titania microbeads carrying AuNPs in different sizes are given in 

Figure 4.58.  
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Figure 4.58. Effect of AuNP size on the plasmonic catalytic degradation rate 4-NP. 

(Conditions: Catalyst amount: 1 mg; Calcination temperature: 450oC; Au loading 

(w/w %) : 5 %; 4-NP solution: 7.5 ppm, 24 mL; Temperature: 20oC). 

 

As seen in Figure 4.58., an enhancement in the reduction of 4-NP was observed 

by using Martin AuNP decorated magnetic titania microbeads, in which the AuNP 

size was smaller, compared to Turkevich AuNP decorated magnetic titania 

microbeads. The time needed for the complete reduction of 4-NP solution 

decreased from 32 min to 2 min due to higher redox potential of low size AuNPs 

supported on magnetic titania microbeads. As the reduction rate of 4-NP 

increased dramatically by changing AuNP size on the magnetic titania 

microbeads, the reduction of 4-NP solution with a higher concentration (15 ppm) 

was performed with Martin AuNP decorated magnetic titania microbeads. The 

variation of 4-NP concentration with the time  using the initial 4-NP concentrations 

of 7.5 and 15 ppm with Martin AuNP decorated magnetic titania microbeads are 

given in Figure 4.59. 
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Figure 4.59. The variation of 4-NP concentration during the reduction of 4-NP  

with initial concentrations of 7.5 and 15 ppm with Martin AuNP decorated magnetic 

titania microbeads. (Conditions: Catalyst amount: 1 mg, Calcination temperature: 

450oC, Au loading (w/w %) : 5 %; Temperature: 20oC) 

As seen in Figure 4.59., although the initial concentration was increased two fold, 

the complete reduction of 4-NP solution was achieved at the same time (2 min). It 

should be reminded that the complete reduction of 4-NP with the concentration of 

15 ppm could not be achieved with Turkevich AuNP decorated magnetic titania 

microbeads under the experimental conditions (Figure 4.57.). This is the proof of 

enhancement on the plasmonic catalytic activity of AuNP decorated magnetic 

titania microbeads by changing the AuNP size. 

4.5.3.2. Effect  of Au loading  

The effect of Au loading on the plasmonic catalytic degradation rate of 4-NP was 

investigated by reduction of 4-NP solution (7.5 ppm, 24 mL) with Martin AuNP 

decorated magnetic titania microbeads (1 mg) with different Au loadings. The 

variation of 4-NP concetration solution with the time during the reduction of 4-NP 

with Martin AuNP decorated magnetic titania microbeads prepared with different 

Au loadings are given in Figure 4.60.  
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Figure 4.60. Effect of Au loading on the plasmonic degradation rate of 4-NP with 

Martin AuNP decorated magnetic titania microbeads. (Conditions: Catalyst 

amount: 1 mg; Calcination temperature: 450oC; 4-NP solution: 7.5 ppm, 24 mL; 

Temperature: 20oC). 

 

As seen from Figure 4.60., the complete reduction of 4-NP solution was achieved 

at the same time with all Au loadings. An apparent effect of Au loading on the 

plasmonic catalytic activity of Martin AuNP decorated magnetic titania microbeads 

was not observed. 

 

4.5.4. Reusability 

The reusability was investigated only for Martin AuNP decorated magnetic titania 

microbeads which has the highest plasmonic catalytic activity. To obtain the 

reusability of Martin AuNP decorated titania microbeads (1 mg), the reduction of 4-

NP (7.5 ppm, 24 mL) at 20oC was repeated for five times under the same 

conditions. After each experiment, the plasmonic catalyst was recovered by rinsing 

with water for several times for reuse. The percent of removal in each cycle is 

given in Figure 4.61.  



129 
 

 

 

Figure 4.61. Reusability of Martin AuNP decorated magnetic titania microbeads in 

the reduction of 4-NP solution. (Conditions: Catalyst amount: 1 mg; Calcination 

temperature: 450oC; Au loading (w/w %) : 5 %; 4-NP solution: 7.5 ppm, 24 mL; 

Temperature: 20oC). 

 

The percent removal of 4-NP decreased 1.7 % after 3 cycles and it was 89.9 % 

after being reused five times (Figure 4.61.). This decrease could be ascribed to the 

adsorption of 4-AP formed during plasmonic degradation onto the Martin AuNP 

decorated magnetic titania microbeads.  

 

 

 

 

 

 

 



130 
 

5. CONCLUSION 

In the scope of this thesis, new sol-gel templating methods for the synthesis of 

bare and magnetic titania microbeads in the monodisperse-porous form were 

developed using -SO3Na attached and magnetic polymethacrylate microbeads as 

templates, respectively. The decoration of AuNPs on bare and magnetic titania 

microbeads was performed by approriate derivatizations. In the second part of this 

thesis, the photocatalytic activities of titania based catalysts were investigated by 

photocatalytic degradation of RB5 dye and phenol. The plasmonic catalytic activity 

of AuNP decorated bare and magnetic titania microbeads were also studied by 

plasmonic catalytic degradation of 4-NP by using excess amount of NaBH4. The 

conclusions obtained from the synthesis, characterization and catalytic activity 

measurements of the titania based catalysts were given below: 

 Monodisperse-porous bare titania microbeads in the size range of 3.0-5.0 µm 

with different porous structures with specific surface areas ranging between 

50-91 m2/g were obtained by a new sol-gel templating method using -SO3Na 

attached-polymethacrylate microbeads with different porous structures as the 

template material.  

 -SO3Na attached-polymethacrylate microbeads were  obtained via a simple 

reaction between reactive chloropropyl group of poly(HPMA-Cl-co-EDMA) 

microbeads and NaHSO3. The increase in the chloropropyl content of 

poly(HPMA-Cl-co-EDMA) microbeads resulted in increase in the -SO3H 

content of polymethacrylate template.  

 It was shown that surface morphology, size, porous structure and specific 

surface area of the monodisperse-porous bare titania microbeads did not 

strongly depend on the porous properties of -SO3Na attached-poly(HPMA-Cl-

co-EDMA) microbeads. The sphericity of titania microbeads decreased with 

the increasing feed concentration of the crosslinking agent of polymeric 

template.  

 When the characterization studies for -SO3Na attachedpoly(HPMA-Cl-co-

EDMA) and titania microbeads were evaluated together, 30 % v/v was chosen 

as the most appropriate feed concentration of crosslinking agent for polymeric 

template to obtain monodisperse-porous titania microbeads in the spherical 
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form. The most apprpriate value for ratio of -SO3Na attached poly(HPMA-Cl-

co-EDMA) microbeads/TiCl4 solution (g/mL) was chosen as 6.7 based on the 

SSAs of titania microbeads obtained.   

 The selection of polymethacrylate template material instead of commonly 

used polystyrenic template materials allowed to perform the calcination of 

titania-polymer composite microbeads at a lower temperature with respect to 

the previously used template materials. Hence, the highest specific surface 

area of bare titania microbeads was observed by the calcination of titania-

polymer composite microbeads at the lowest calcination temperature (i.e. 

450ºC). As seen from XRD patterns, bare titania microbeads calcined at 

450ºC exhibited both anatase and rutile crystalline structure depending on the 

synthesis conditions. 

 Monodisperse-porous magnetic titania microbeads were obtained by a new 

sol-gel templating method using magnetic poly(HPMA-Cl-co-EDMA) as 

template. Magnetic poly(HPMA-Cl-co-EDMA) microbeads were synthesized 

by the impregnation of iron ions on amine attached-poly(HPMA-Cl-co-EDMA) 

microbeads.  

 The surface morphologies of monodisperse-porous bare and magnetic titania 

microbeads were similar. However, the SSA of magnetic titania microbeads 

was slightly lower than the SSA of bare titania microbeads due to the 

incorporation of iron oxide nanoparticles into the mesopores of titania 

microbeads. 

 AuNPs with different sizes (obtained with Turkevich and Martin methods) 

were decorated successfully onto the amine functionalized bare and magnetic 

titania microbeads.  

 The SSAs of Turkevich and Martin AuNP decorated bare and magnetic titania 

microbeads with all Au loadings were slightly lower than SSAs of 

corresponding bare and magnetic titania microbeads, respectively.  

 The photocatalytic activity of bare and magnetic titania microbeads and their 

AuNP decorated forms was investigated in aqueous media using a textile dye, 

RB5 as an organic contaminant in batch fashion. Operational parameters 

such as pH, catalyst amount, crystal composition and surface area, initial 
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substrate concentration have been shown to play an important role in the 

photocatalytic degradation of RB5 dye with bare and magnetic titania 

microbeads. The complete removal of RB5 dye solution was obtained 

successfully with both bare and magnetic titania microbeads. Depending on 

the AuNP size, decoration of Martin AuNPs instead of Turkevich AuNPs 

markedly enhanced the photocatalytic activity of titania microbeads. Hence 

the decoration with AuNPs with lower size resulted in a significant increase in 

the photocatalytic degradation rate due to electron transfer characteristics of 

AuNPs with lower size. However, an enhancement could not be obtained with 

the Martin AuNP decorated magnetic titania microbeads. 

 The photocatalytic activity behaviours of bare and magnetic titania 

microbeads and their AuNP decorated forms were also investigated using 

phenol as a common organic contaminant in batch fashion.  The effects of 

pH, catalyst amount, initial substrate concentration on the photocatalytic 

degradation of phenol with bare titania microbeads were investigated. The 

complete photocatalytic degradation of phenol was obtained with the bare 

titania microbeads. Unlike bare titania microbeads, complete degradation 

could not be achieved with magnetic photocatalyst. The decoration of Martin 

and Turkevich AuNPs on bare and magnetic titania microbeads resulted in an 

inhibition of  photocatalytic activity. 

 The plasmonic catalytic activity of AuNP decorated magnetic titania 

microbeads was investigated by the reduction of 4-NP by changing AuNP 

size, Au loading, catalyst amount, initial substrate concentration and 

temperature. A signficant enhancement in the plasmonic catalytic activity  of 

was observed with Martin AuNP decorated magnetic titania microbeads, in 

which the gold nanoparticle size was smaller, compared to Turkevich AuNP 

decorated magnetic titania microbeads. 4-NP in solution could be converted 

into 4-AP in the reaction periods lower than 2 min.  
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