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ABSTRACT 

 

The present work describes the viability of titanium dioxide doped SBA-16 type 

mesoporous silica microspheres for the adsorption and photocatalytic degradation of 

hazardous organic compounds (for example: organic dyes like crystal violet) in water. 

SBA-16 type mesoporous-microspheres were synthesized by a sol-gel method with 

Pluronic F127 employed as a structure directing agent (template) and TEOS (tetraethyl 

orthosilicate) as a silica source. Surface modification of these SBA-16 silica microspheres 

through titanium dioxide nanocrystals resulted in titanium dioxide doped SBA-16 silica 

microspheres. Several characterization techniques were used to analyze the microspheres. 

Scanning Electron Microscopy (SEM) analysis, and Transmission Electron Microscopy 

(TEM) analysis results show the size, sphericity and periodically ordered porous nature of 

the microspheres; nitrogen adsorption-desorption analysis provides information on the 

surface area, pore size, and pore size distribution of the microspheres; Energy Dispersive 

X-Ray (EDS) analysis shows the presence of titanium atoms evidencing the presence of 

titanium dioxide. Raman spectroscopy studies indicate formation of anatase 

nanocrystalline titanium dioxide. The characterization of the composite microspheres and 

their application in photocatalytic degradation tests confirm the viability of SBA-16 silica 

composite microspheres for the adsorption and photocatalytic degradation of light sensitive 

hazardous organic compounds in polluted waters.  

 

Keywords: SBA-16 type silica; Mesoporous; Microspheres; Advanced sol-gel synthesis; 

Pluronic F127; Multifunctional materials; Adsorption; Photocatalytic degradation. 
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Chapter 1  

Introduction  

1.1 Motivation 

The world is facing daunting challenges in meeting rising demands for clean water in the 

face of population growth, climate change, and increasing industrialization. Currently, 

about one in six people in the world lack access to clean water. It has been estimated that 

over the next two decades the average supply of water per person is likely to drop by a 

third, potentially leading to millions of preventable deaths (Street, 2014; Clarke & King, 

2004; Harrison, 2007; World Economic Summit, 2015). Water purification presents a non-

energy intensive solution to the global water crisis while ensuring that water is not being 

removed from natural habitats, such as the wetlands, that rely on it for survival. While 

water scientists and engineers have employed various methods of water purification, the 

viability of current practices such as the nanofiltration of contaminated water through 

porous materials have been questioned, given i) stricter legislation on water quality 

requirements, and ii) high costs involved in the chemical synthesis, physical operation and 

installation of the facilities used (Srivastava & Goyal, 2010). With these constraints in 
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mind, the challenge then becomes how to maximize the quality and cost effectiveness of 

clean water acquisition through the purification of contaminated water or waste water. In 

other words, how to establish a water purification process that is reliable, cost effective, 

and sustainable. 

Ordered mesoporous silica structures (MCM-41, MCM-45, MCM-48, SBA-15 and 

SBA-16) with controlled pore sizes ranging from 2 to 50 nm, provide an avenue for 

significant improvement in nanofiltration of contaminated water through porous materials, 

as these structures could possibly be applied to more effective nanofiltration of solid waste, 

dissolved heavy metal and harmful organic waste from contaminated water (Zeid, 2012).  

Titanium dioxide has been established as a stable photocatalyst, finding applications in 

photodegradation of organic molecules, light harvesting systems in dye sensitized solar 

cells and photochromic devices. A combination of the ordered mesoporous silica structures 

with titanium dioxide will lead to the development of a multifunctional material that 

provides a means of water purification through contaminant molecule attraction 

(adsorption); and highly reactive, photo-generated, hydroxyl radical (Choi et al., 2007; 

Savage, 2009) facilitated destructive oxidation (photocatalytic degradation). Essentially, 

the new material would have high adsorption capability and the ability to be recycled so 

that the nanofiltration process is sustainable. 

Among the techniques available for producing this material combination, a 

template incorporated polymerization based chemical synthesis approach known as the 

advanced sol-gel process is very promising, providing a facile low-cost route to highly 

structured materials and nanocomposite materials with organic/inorganic components. 
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While different approaches to an advanced sol-gel synthesis of titanium dioxide doped 

mesoporous silicates (SBA-16 type) have been reported in open literature (Ma et al., 2012; 

Shah et al., 2009; Shen et al., 2007), to the best of the researcher’s knowledge, a post SBA-

16 silica synthesis titanium dioxide nanocrystal direct coating approach has not been 

clearly reported in open literature. Therefore, this study attempts to answer the question: 

Do titanium dioxide doped mesoporous silicates (SBA-16 type) synthesized using a post 

advanced sol-gel SBA-16 synthesis titanium dioxide nanocrystal direct coating approach 

provide a viable method for purification of water containing suspended particulates?  

1.2 Objectives 

The objectives of the study are: 

1. Synthesis of titanium dioxide doped SBA-16 type mesoporous microspheres using 

a two-stage advanced sol-gel process.  

2. Structural investigation of the synthesized titanium dioxide doped SBA-16 type 

mesoporous microspheres through Scanning Electron Microscopy (SEM) analysis, 

Transmission Electron Microscopy (TEM) analysis, Energy Dispersive X-Ray 

(EDS) analysis, Nitrogen adsorption-desorption measurements, and Raman 

spectroscopy studies. 

3. Proof of concept study of the ability of the titanium dioxide doped SBA-16 type 

mesoporous microspheres to permit effective photocatalytic degradation of organic 

compounds. 
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Chapter 2  

Theory and Literature Review 

2.1 Water Crisis 

Water is known to be one of the most abundant compounds found in nature, covering 

approximately three-fourths of the earth’s surface. Yet, humankind currently faces 

challenges in acquiring safe drinking water (Sharma, 2015). The inventory of water at the 

earth’s surface (Table 2.1) shows that the oceans and other saline bodies of water hold 

about 96.95% of earth’s total quantity of water, with the remaining 3% made up of water 

on the continents and water in the atmosphere. The amount of water in the atmosphere as 

water vapor, is only around 0.001%, a very small percentage in comparison with other 

reservoirs. Of the fresh water stored on the continents, around two-thirds is in the form of 

ice in ice sheets, polar ice caps and glaciers. The rest of the continental water is present as 

soil moisture, subsurface groundwater, lakes, rivers, and in the biosphere (Berner & Berner, 

1996). Meaning only about 1% of earth’s total quantity of water (which is irregularly and 

non-uniformly distributed over earth’s vast area), is readily available for human use (all 

domestic, industrial, and agricultural activities).  
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Table 2.1: Inventory of water at the earth's surface 

Reservoir Volume 106 km3 (1018kg) Percent of Total 

Oceans 1400 96.95 

Ice shelves (floating)a 0.7 0.048 

Ice caps and glaciersb 0.09 0.006 

Ice sheetsa 27.6 1.9 

Groundwater 15.3 1.06 

Lakes 0.125 0.009 

Rivers 0.0017 0.0001 

Soil moisture 0.065 0.0045 

Atmosphere totalb 0.0155 0.001 

Biosphere 0.002 0.0001 

Approximate total 1444  

Source: NRC 1986; Berner and Berner 1987; Lemke et al. 2007. 
aLemke et al. 2007.  
bAs liquid volume equivalent of water vapor. 

The average annual water withdrawal for human use is currently about 4000km3 

with the average annual withdrawal of national renewable freshwater resources in countries 

like USA, UK, China, Poland, India, and Bangladesh being 20%, 7%, 22%, 33%, 51%, 

and 76%, respectively (Clarke & King, 2004). In the face of population growth, pollution, 

and climate change, there has been significant decrease in the volume of clean water, and 

significant increase in the volume of wastewater.  It has been estimated that over the next 

two decades the average supply of water per person is likely to drop by a third, possibly 
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leading to a global supply crisis between 2025 and 2050, although much earlier for some 

individual countries (Berner & Berner, 1996; Clarke & King, 2004; Aldhous, 2003). The 

quality of fresh water resources is also of concern, as there are now many ways in which 

contamination can occur. Appendix A (UNESCO & World Water Assessment Programme 

(United Nations), 2006; Revenga & Mock, 2000; Taylor & Smith, 1997; Shiklomanov, 

1997; UNEP/GEMS, 1995; Li et al., 2016) specifies ten major pollution sources, nine of 

which are outlined in the United Nations World Water Development Report. 

Due to project time constraints, this thesis will focus on purification of water 

contaminated only by hazardous organic compounds; specifically, organic dyes like crystal 

violet. Organic dyes are used in a wide range of industries (e.g., textile, dyestuff 

manufacturing, food products, cosmetics, printing, pharmaceutical, etc.), meaning they are 

frequently found in industrial wastewater as organic pollutants (Fernández et al., 2010). 

They are increasingly becoming major environmental and health issues, as dyes in waste 

water are believed to have carcinogenic, mutagenic, and allergenic properties (Sekar et al., 

2012). Among other organic dyes, crystal violet (a well-known typical triphenyl methane 

dye) is widely used for various purposes (textile dyeing, paper printing, as antifungal 

agents, as antimicrobial agents (Andersen et al., 2009), etc.) and hence is very 

representative of organic dyes. Being a mutagen, mitotic poison (He et al., 2010), and 

proven potent carcinogen (Andersen et al., 2006), crystal violet is also very representative 

of the health and environmental risks posed by hazardous organic compound 

contamination. Crystal violet has been classified as a recalcitrant molecule because of its 

poor biodegradation and ability to last for a long time in a variety of environments. It can 
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cause painful sensitization to light, and perpetual injury to the conjunctiva and cornea (Qin 

et al., 2015). Moreover, purple (the color of crystal violet) is easily visible to the naked eye 

even at very low concentrations, making it ideal for a proof of concept test.  

2.2 Relevant Water Purification Methods 

There have been many methods used in the removal of contaminants from water, some of 

which include biological treatment (Kornaros & Lyberatos, 2006), electrolytic method 

(Vlyssides et al., 2000), flocculation (Szygula et al., 2009; Papić et al., 2004), adsorption 

(Hameed et al., 2007; El et al., 2006; Doğan & Alkan, 2003; Janoš et al., 2003; Espantaleon 

et al., 2004; Garg et al., 2003; Mohamed, 2004), oxidation (Araújo et al., 2014; Salem, 

2001; Baban et al., 2003; Vlyssides et al., 2000), photodegradation (Kang et al., 2000; Al-

Momani et al., 2002; Sivalingam et al., 2003; Kos & Perkowski, 2003; Chen et al., 2004), 

and filtration. Each of these methods has some advantages or disadvantages over the other 

methods. However, many of these methods are not cost-effective. Adsorption has proven 

to be an effective way to treat industrial wastewater as it offers significant advantages, 

including low cost, availability, profitability, ease of operation (limited amount of 

supervision and maintenance), and efficiency, in comparison with conventional methods, 

especially from economic and environmental points of view (Santos & Boaventura, 2008).  

Photocatalysis is also of interest as unlike traditional methods like adsorption that 

have difficulties in the complete destruction of contaminants in water, the method has 

received considerable attention for the destructive oxidation of bacteria and harmful 

chemicals (like dyes and textile effluents) to CO2, H2O and small molecules (Sharma, 
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2015). A combination of this degradative method of contaminant removal with the 

adsorptive method of contaminant removal results in a more effective purification method 

that utilizes adsorption and photocatalysis, hence the term multifunctional. However, a 

combination of this nature requires at least one of each type of material. Meaning an 

effective photocatalyst as well as an effective adsorbent is required. 

2.2.1 Adsorption 

Adsorption is the adhesion of substances (adsorbates) to a surface (adsorbent) (Liang et al., 

2014). As an interface-related process, adsorption offers high efficiency, cost-

effectiveness, adsorbed material recovery, and easy handling. The adsorption of organic 

molecules from water (a polar solvent) by a nonpolar adsorbent is dictated by Van der 

Waals forces (the weakest type of intermolecular “molecule to molecule” force) that occur 

between organic substances and adsorbent planes. Crystal violet dye (C25N3H30Cl) is a 

covalent compound. When dissolved in water, the individual molecules that make up the 

crystal violet compound break apart from each other. Water molecules surround the 

individual crystal violet molecules forming a hydration shell around crystal violet 

molecules. These hydration shells are what facilitate Van der Waals forces dictated 

physical adsorption in place of covalent bond dictated chemical adsorption. In general, 

increasingly larger, and nonpolar compounds adsorb more intensely to nonpolar adsorbents 

due to increasingly stronger hydrophobic interactions (Wiesner & Chellam, 1992). 

Like most interface-related processes, adsorption is strongly dependent on the 

surface area of the material used. The higher the surface area, the more locations for 
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adsorption to take place and hence the more effective the adsorption would be. As specific 

surface area (total surface area per unit mass) increases with decreasing particle size, 

nanomaterials provide an opportunity for enhanced water treatment through adsorption 

based nanofiltration, due to their ultra-high specific surface area (Némethy & Scheraga, 

1962; Yavuz et al., 2006; Gómez-Pastora et al., 2014; Mayo et al., 2007). This is 

demonstrated in the higher reaction rates achieved using materials with nanoscale particle 

sizes (particle sizes between 1 and 100nm) in place of materials with large particle sizes 

(particle sizes > 2 mm) (Hu et al., 2005; Li et al., 2006; Xiu et al., 2010; Liu et al., 2005; 

Gotpagar et al., 1997; Taghavy et al., 2010; Zhan et al., 2008; Zheng et al., 2008).  

A major drawback of nanomaterials however, is the separation and recycling 

problems after their use. It is with this drawback in mind, that water treatment research was 

diverted from nanomaterials (materials with nano-sized particles) to nanoporous materials 

(materials with large-sized particles, possessing nano-sized pores); as well-designed 

nanoporous materials provide a means for materials with reasonably large particle sizes to 

possess a high surface area (due to increase in their internal surface area). Porosity can be 

broadly divided into two main classes, namely: closed porosity and open porosity. Closed 

porosity influences material properties like density, thermal conductivity, and mechanical 

strength (Sunkara et al., 2010), while open porosity influences the available surface area. 

An example of a closed pore is shown in Figure 2.1 (a), while (b)-(d) represent open pores. 

Although some of the open pores are open only at one end, they still have the desired effect 

of increasing surface area, greatly alleviating the separation and recycling concerns present 

in water treatment using materials with nano-sized particles.  
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Figure 2.1: Definitions of pores in a solid material: closed pore (a), ink-bottle shape (b), cylindrical 

shape (c), funnel shape (d), (e) surface roughness (Rouquerol et al., 1994) 

 

Historically, activated carbon has been widely utilized as the choice nanoporous 

material for water treatment through adsorption. Its ultra-high surface area and high 

stability in aqueous environments, ensure its versatility as an adsorbent for a variety of 

water pollutants. Although activated carbon possesses numerous favorable water treatment 

application properties, it has two major limitations: i) its disordered pore structure resulting 

in generally low adsorption capabilities, and ii) most of its pores falling within the range 

of micropores (by IUPAC definition, pores with diameter ≤ 2 nm), resulting in its low 

adsorption capacity for large molecules, sluggish mass transfer kinetics and long 

equilibration time (time it takes to reach its adsorption mass transfer equilibrium) (Mohan 
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& Pittman, 2006; Bhatnagar et al., 2013; Stoquart et al., 2012; Toor & Mohseni, 2007; 

Namasivayam, & Kavitha, 2002). 

 Research has shown that a high and fast adsorption relies not only on a large 

surface area to provide active adsorption sites and unobstructed pathways for the 

adsorbates to quickly reach their adsorption sites, but also on the interaction between the 

active sites and the targeted adsorbates, which control the strength and the selectivity of 

the adsorption. (Teng et al., 2013; Huang et al., 2007).  While carbon-based nanoporous 

material surfaces are largely chemically inert and thus difficult to functionalize, silica 

material surfaces are covered by silanol groups, which provide weak interactions with polar 

adsorbates, hence limiting the adsorption capacity and selectivity. However, given their 

well-known rich chemistry, and the wide availability of various organosilane coupling 

reagents, silica surfaces and silanol groups are susceptible to a variety of chemical 

modifications (Teng et al., 2013; Huang et al., 2007; Walcarius & Mercier, 2010). 

Over the years along with pore size and pore structure engineering, surface 

chemical functionalization of nanoporous silica and carbon-based materials has been the 

basis of many rational designs of nano-adsorbents for water pollutant removal. These 

pollutants include solid wastes, harmful organic wastes, and even dissolved heavy metals 

(Mercier & Pinnavaia, 1998). Prominent mesoporous materials (materials having pore 

diameters between 2 and 50 nm) that have resulted from these exploits, include MCM-41, 

MCM-45, MCM-48, SBA-15 (silica with hexagonal periodic pores of 2-50 nm), and SBA-

16. These materials serve as nano-adsorbents that can be applied in the removal of 



 

 

12 

 

pollutants from industrial effluents. Materials with pore sizes in the range of 2-50 nm are 

of primary interest as they remove most organic matter and a range of salts.  

2.2.1.1 SBA-16 

Of the mesoporous materials listed above, SBA-type mesoporous silica is deemed the most 

ideal mesoporous material type for the multifunctional water purification approach. This 

mesoporous silica type exhibits large pore sizes (20 - 300 Å), thick pore walls, and high 

stability (Luo et al., 2013). This is important, as large pore sizes support the adsorption of 

larger organic molecules, while thick pore walls ensure hydrothermal stability. Among 

SBA-type silica materials, SBA-16 is considered a very interesting mesostructure due to 

its 3D cubic body-centered format arrangement of large cage-like mesopores (5-15 nm) 

corresponding to the Im3m space group/cubic crystal system (Li et al., 2015; Sakamoto et 

al., 2000), shown in Figure 2.2. 

 

 

Figure 2.2: 3D body-centered format arrangement of the pore structure of SBA-16 (Callister, 2010) 
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Electron crystallography studies (Sakamoto et al., 2000) suggest that for this 

format, each mesopore is connected to eight neighboring mesopores to form a 

multidirectional system of mesoporous network (Sakamoto et al., 2000). The pore entrance 

size from one mesopore to another is usually significantly smaller than the primary 

mesopore size, making this size the limiting factor for applications involving intraparticle 

mass transfer. Its large cage, high surface area and high thermal stability make it one of the 

best candidates for catalytic support and packing materials for separation. 

2.2.2 Photodegradation 

Photodegradation is a purification method that uses energy from solar radiation to 

decompose and detoxify organic matter. While it is a sustainable, renewable, and cost-

effective (does not require expensive equipment) method, it falls short in effectiveness, as 

it is slow, very dependent on strong sunlight, and is limited to not heavily contaminated 

water.  Photodegradation reactions can be accelerated and hence more effective in the 

presence of a photocatalyst, a substance which absorbs light and passes on the energy to 

other molecules to speed up the reaction. This catalysis based photodegradation method is 

known as photocatalysis. Photocatalysis strongly depends on the ability of the catalyst to 

generate free radicals that can degrade pollutants through secondary reactions.  

The ability of a catalyst to generate free radicals is strongly dependent on its ability 

to facilitate electron transitioning between its valence band and conduction band. A 

catalyst’s valence band (VB), and conduction band (CB) are the two energy bands where 

its outer electrons can potentially be found. Its valence band is composed of valence 

https://en.wikipedia.org/wiki/Free_radical
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orbitals, containing the catalyst’s highest energy electrons. Its conduction band is the band 

electrons from the valence band can jump to when excited. The valence band is normally 

filled with electrons while the conduction band is normally empty. Electrons in the valence 

band are not mobile and cannot flow as electric current. However, if an electron in the 

valence band acquires enough energy to reach the conduction band, it can move freely, 

from site-to-site through the semiconductor, coupled with the movement of the positive 

charge that is created in the valence band as it is formed (a “hole”). 

For electrons to move from the valence band to the conduction band, external 

stimulus with sufficient energy is required. For photocatalytic materials, this external 

stimulus is radiation (photon energy “hv”). This radiation with energy greater than or equal 

to the band/ energy gap (the gap/energy difference between the highest occupied energy 

state of its valence band and the lowest unoccupied state of its conduction band). While 

typical conductors, like metals have little to no band/energy gap and hence require little to 

no energy to move electrons from the valence band to the conduction band; insulators have 

large band gaps (6 - 7eV) and hence require a significant amount of energy for an electron 

to move into the conduction band. Semiconductors fall in between, as they have band gaps 

ranging from (0.7 - 3.5eV) and hence make for good photocatalysts.  

2.2.2.1 Titanium Dioxide 

The most promising photocatalyst for water and air purification is titanium dioxide (TiO2). 

It is highly photocatalytic, non-toxic, insoluble in water, chemically stable, abundant, 

relatively cheap, and has a band gap of about 3eV. Meaning that for titanium dioxide the 
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energy required to move an electron into its conduction band has a wavelength of about 

400 nm, that is electromagnetic radiation at the boundary of visible and ultra-violet light. 

Titanium dioxide can exist in anatase form and in rutile form. The rutile form can absorb 

light with a wavelength above 415 nm (just within the visible region) while the anatase 

form only absorbs light with a wavelength of 385nm and higher (at the edge of visible light, 

near-UV (UVA) region). When titanium dioxide is suspended in water, redox reactions can 

occur. Locations that gained electrons can cause reduction while locations that lost 

electrons (electron holes) can cause oxidation. Hole (in the valence band) facilitated 

oxidation forms hydroxyl radicals that destroy organic molecules and microorganisms in 

water.  These hydroxyl radicals are the second highest oxidizing species after fluorine, 

which react non-selectively with most of the organic pollutants in contaminated water, 

producing carbon dioxide, water, and mineral acid (Chowdhury, 2012; Chen et al., 2000; 

Sharma, 2015). 

Basically, once electron excitation occurs, a water molecule loses an electron to the 

positively charged hole in the valence band and forms a hydroxyl free radical while an 

oxygen molecule gains an electron from the negatively charged conduction band and forms 

a superoxide anion. Hydroxyl radicals formed can then convert organic molecules to 

carbon dioxide and water through several intermediate products, destroying cell structures 

like bacteria. Figure 2.3 summarizes the mechanism of photocatalysis in water purification. 
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Figure 2.3: Mechanism of photocatalysis in water purification 

 

Photocatalysts work best if the particles are very fine with a large surface area to 

volume ratio and particle size of about 4 - 21 nm; meaning nano-structured titanium dioxide 

would be an ideal form for a titanium dioxide photocatalyst.  

2.3 Titanium Dioxide Doped SBA-16  

The combination of an effective photocatalyst and an effective adsorbent boil down to a 

combination of the highly ordered mesoporous SBA-16 and the very effective 

photocatalyst, titanium dioxide. This combination, once achieved, would result in a 

recyclable multifunctional SBA-16 composite that provides water purification through 

multiple mechanisms (Choi et al., 2007; Savage, 2009). In the case of titanium dioxide, 

this combination has an added benefit as titanium dioxide particles tend to agglomerate 

into large particles resulting in a reduction in the number of active sites. This results in a 
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reduction of photocatalytic activity. The doping of SBA-16 (an ordered silica host with 

high surface area) with titanium dioxide, increases the active surface area of titanium 

dioxide and as a result its catalytic activity. Investigation of the titanium dioxide doped 

porous nanostructured silicates consists of synthesis, characterization, and proof of concept 

testing. Synthesis of the titanium dioxide doped porous nanostructured silicates are 

described in the following sub sections. 

2.3.3 Titanium dioxide Doped SBA-16 Synthesis 

Nanoscale synthesis is commonly carried out in one of two ways: i) top-down approach 

where one starts from a larger unit, and shapes this unit into a nanostructure, for example 

by cutting or milling or ii) bottom-up approach which is based on properties of single 

molecules that self-assemble into desired structures. The sol-gel approach is a bottom-up 

approach used for producing solid materials especially metal oxides (like oxides of silicon 

and titanium). It is based on the conversion of monomers of a precursor into a colloidal 

solution (sol), and the transformation of the colloidal solution to an integrated network 

(gel). The process is usually carried out in an aqueous solution using a catalyst and a silica 

source (Iler, 1979).  

Aside from advantages in the way of low cost, high efficiency for preparation of 

nanocomposite materials, and low process temperature that can accommodate a variety of 

compounds, the sol-gel process offers more. The ability to tailor the structure, composition, 

pore size, and stability (thermal, hydrothermal, and mechanical) of porous materials like 

SBA-16 during synthesis, by varying the reactant stoichiometry, the nature of the surfactant 
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molecule, the auxiliary chemicals, the silica source, the reaction conditions (solvent, 

temperature, aging time, reactant mole ratio, and the pH of the medium), or by post-

synthesis functionalization techniques. Meaning, effective parameter selection is key, as it 

can be the difference between the synthesis of an SBA-15 mesoporous material in place of 

the desired SBA-16 mesoporous material. There are five stages to sol-gel synthesis of the 

titanium dioxide doped SBA-16 mesoporous material: 

i. surfactant templating,  

ii. surfactant/inorganic interaction,  

iii. colloidal aggregation 

iv. surfactant template removal, and  

v. titanium dioxide doping. 

2.3.3.1 Surfactant Templating 

Being an uncontrolled reaction technique, the sol-gel process applied on its own produces 

disordered or poorly ordered structures with broad pore sizes and molecular weight 

distributions. This is the reason for introducing a structure directing agent (surfactant 

template) during the process, as this creates a pathway to ordered porous material (like 

well-defined and structured SBA-16 material) (Nassar et al., 2011), and results in what 

some refer to as the advanced sol-gel process. Therefore, titanium dioxide doped SBA-16 

advanced sol-gel synthesis begins with the creation of a surfactant template. Templating 

has been defined as a process in which an organic species functions as a central structure 

about which oxide moieties organize into a periodic lattice (Davis & Lobo, 1992; Flaigen 
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et al., 1988; Lok et al., 1983). In other words, templates are structures, usually organic, 

around which a material, often inorganic, nucleates and grows in a skin-tight manner. Upon 

the removal of the templating structure, the inorganic materials replicate its geometric and 

electronic characteristics (Sayari, 1996) 

Surfactants (surface-active agents) are organic amphiphilic molecules, with both 

hydrophilic (water-loving) and hydrophobic (water-repelling) regions. A typical surfactant 

molecule can be seen in Figure 2.4. 

 

 

Figure 2.4: Typical Surfactant Molecule 

 

When dissolved in a solvent at low concentration, surfactants can adsorb at 

interfaces (that is liquid/liquid, solid/liquid, and gas/liquid boundaries), thereby altering 

significantly the physical properties of those interfaces. With increasing concentration, 
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through cooperative assembly, surfactant molecules transition into micelles (an aggregate 

or supramolecular assembly of surfactant molecules dispersed in a liquid colloid) that 

facilitate surfactant templating. Micelles only form when the concentration of the 

surfactant is greater than the critical micelle concentration (CMC), and the temperature of 

the system is greater than the critical micelle temperature (Krafft temperature). Essentially, 

at low concentrations, the surfactants energetically exist as monomolecules and with 

increasing concentration, surfactant molecules combine to form micelles to decrease the 

system entropy (Broekhoff, 1979; Zhao et al., 1996; Steel et al., 1994). 

A surfactants hydrophilic head may be anionic, cationic, nonionic or zwitterionic, 

while its hydrophobic tail may be hydrogenated or fluorinated, linear, or branched 

(Tennouga et al., 2015). Nonionic surfactant heads are of interest as these surfactants 

(specifically triblock copolymers) can be applied as a template to prepare ordered siliceous 

mesoporous materials (like SBA-16) and other inorganic phases. Mesoporous silicas 

formed using these nonionic block copolymers are more stable than those obtained in 

syntheses mediated by cationic surfactants as unlike the M41S materials formed by cationic 

surfactants, the SBA materials formed by nonionic block copolymer surfactants tend to 

have thicker silica walls. The type of surfactant used also affects pore size as block 

copolymers promote significantly larger pore sizes (Tennouga et al., 2015).  

 Of these block copolymers, certain triblock copolymers of the Pluronic family have 

been found to result in ordered mesostructured silicas when applied as templates in 

mesoporous silica synthesis. Pluronic materials are a type of nonionic surfactant that take 

on the same EO-PO-EO (ethylene oxide- propylene oxide- ethylene oxide) general 

https://en.wikipedia.org/wiki/Supramolecular_assembly
https://en.wikipedia.org/wiki/Surfactant
https://en.wikipedia.org/wiki/Colloid
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structure but can be differentiated through their molecular weight. Above the critical 

micelle concentration, short chain pluronics like L121 organize into well-defined lamellar 

mesostructured silica, middle chain pluronics like Pluronic P123 organize into well-

defined two-dimensional hexagonal phase of rod-like micelles (SBA-15), while long chain 

pluronics like Pluronic F127 organize into a well-defined cubic phase of spherical micelles 

(SBA-16) as well as a bicontinuous cubic phase. Pluronic F127 is a nonionic triblock 

copolymer, meaning Pluronic F127 is a polymer composed of three blocks of 

homopolymers in a linear sequence as shown in Figure 2.5. As a block copolymer 

consisting of poly (propylene oxide) (PO) and poly (ethylene oxide) (EO) it displays 

amphiphilic properties in aqueous solutions. 

 

 

Figure 2.5: Triblock structure of pluronic F127 

 

Its PO homopolymers phase separate from water at relatively low temperatures 

(approximately 5 °C), whereas it’s EO homopolymers (that is, PEG, poly (ethylene glycol)) 

are well soluble in water (Kipkemboi et al., 2001). As it consists of a central PO block 

(hydrophobic) surrounded by two EO blocks (hydrophilic) its individual molecules 
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associate in aqueous solutions forming micelles consisting of a PO core isolated from the 

surrounding solvent and a corona of hydrated EO segments in contact with 

surrounding solvent as shown in Figure 2.6.  

 

 

Figure 2.6: Pluronic F127 specific micelle formation 

 

By varying the molecular weight and the EO/PO ratio, the amphiphilic character of 

the polymer can be modified. The amphiphilic behavior of (EO)x-(PO)y-(EO)x polymers is 

also temperature dependent as raising the temperature makes the EO blocks become less 

soluble in water and as a result more hydrophobic.  

 

2.3.3.2 Surfactant/Inorganic Interaction 

Surfactant/inorganic interaction can be looked at as how the surfactant head group (S) binds 

with the inorganic precursor (I). This stage of the advanced sol-gel process utilizes 

https://en.wikipedia.org/wiki/Solvent
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monomeric alkoxide precursors. In solution, the alkoxides evolve sequentially through 

continuous overlapping hydrolysis and condensation reactions (and the reverse reactions, 

esterification and alcoholic or hydrolytic depolymerization) to form polymeric species 

composed of Metal-Oxide-Metal bonds. For an SBA-16 mesoporous silica case, this 

involves the binding of the silicate to the micelle surface during silicate polymerization. 

The hydrolysis and condensation reactions begin with partial hydrolysis. That is the 

creation of reactive groups in the alkoxide by diluting the alkoxide in a solvent. This solvent 

is generally the alcohol of the alkoxy group. Meaning, in the case of the alkoxide 

tetraethylorthosilicate (TEOS), the best choice is ethanol. Reactive groups are important as 

they are necessary to enable condensation reactions which in turn form an oxide cluster 

needed for further hydrolysis and condensation reactions. In principle the addition of water 

to the silicon alkoxide should generate Si–OH groups through hydrolysis reactions. In the 

hydrolysis step the hydroxyl groups (OH) replace the alkoxide species (OR), via 

nucleophilic attack on the silicon atom by the oxygen atom of a water molecule; the process 

produces the release of an alcohol molecule and the formation of a metal hydroxide, M-

OH (Innocenzi, 2016). 

M(OR)n + H2O 
hydrolysis
→       (RO)n−1MOH+ ROH 

Eq 2.1 

 

R represents the alkyl group, ROH the alcohol, and M the metal. Meaning in the case of 

tetraethylorthosilicate (TEOS) the hydrolysis reaction shown in Eq 2.1 becomes: 

Si(OC2H5)4 + H2O 
hydrolysis
→       (C2H5O)3SiOH + C2H5OH 

Eq 2.2 
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The reaction shown in Eq 2.1 can also go in the opposite direction in the form of an 

esterification reaction. That is alcohol can react with a hydrolyzed species to form a water 

molecule and an alkoxide ligand.  

M(OR)n + H2O 
esterfication
←         (RO)n−1MOH+ ROH 

Eq 2.3 

 

Once the first reactive OH groups are produced, the condensation reactions begin to take 

place. Condensation reactions form Si–O–Si units by releasing a water or an alcohol 

molecule. The reaction of two Si–OH groups give water as a by-product as shown in Eq 

2.4 while the reaction of a Si–OH and Si–OR group gives an alcohol molecule as shown in 

Eq 2.5. 

Si − OH +  Si − OH  
𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛
→                Si –  O –  Si +  H2O 

Eq 2.4 

 

Si − OH +   Si − OR 
 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛
→                 Si − O −  Si +  ROH 

Eq 2.5 

In the case of tetraethylorthosilicate (TEOS) the alcohol condensation equation shown in 

Eq 2.5 becomes: 

Si − OH +   Si − OC2H5  
 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛
→                 Si − O −  Si + C2H5OH 

Eq 2.5 

 

As the polycondensation reactions progress, an extended oxide network like that shown in 

Figure 2.7 forms.  
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Figure 2.7: Extended silicate polymerization oxide network 

 

2.3.3.3 Colloidal Aggregation 

Self-assembly of silicate polymerization units to form microspheres (silicate 

polymerization units, which are silica/surfactant units, predominantly existing as colloids 

in the reactions aqueous solution) occurs shortly after. Silicate polymerization units have 

dimensions of few nanometers and are determined by the type of surfactant used.  The 

silica/surfactant units undergo further condensation due to the interaction among silica 

species, leading to the interconnection of the silicate polymerization units as seen in Figure 

2.8. This results in the formation of a new liquid crystal-like phase made up of several 
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block copolymer/silica species. For Pluronic F127 templated SBA-16 this liquid crystal-

like phase takes on a 3D cubic body-centered format arrangement. 

 

Figure 2.8: Formation of microspheres from the nanometric silica surfactant units 

 

When this colloidal system is aged under static condition at room temperature or at a given 

temperature, they result in the formation of microspheres which is the result of several 

thousands of nanometric surfactant/silica units.  
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2.3.3.4 Surfactant Template Removal 

Removal of the surfactant template from the as-synthesized inorganic organic composite 

as shown in Figure 2.9 is a very important step of the synthesis process as it is what results 

in the porosity of the material.  

 

Figure 2.9: Surfactant template removal 

 

Different removal methods influence the characteristics of SBA-16 mesoporous materials. 

The most common template removal method is calcination due to its easy operation and 

potential for complete surfactant elimination. As calcination involves heating the material 

to high temperatures in air or oxygen, meaning it allows for organic surfactants (like 

nonionic triblock copolymers) to be totally decomposed or oxidized under oxygen or air 

atmospheres; the drawbacks of calcination are the non-recovery of surfactants and the 

sacrifice of surface hydroxyl groups. 

In 1999, Mobil scientists adopted a two-step calcination- the first 1 h under nitrogen 

to decompose surfactants and the following 5 h in air or oxygen to burn them out (Kresge 
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et al., 1992). In 2003, the procedure was simplified with the first calcination step under 

nitrogen substituted by low rate heating in air. Calcination temperature should be lower 

than the decomposition temperature of the mesoporous material (SBA-16) and higher than 

350 °C to totally remove PEO-PPO-PEO type surfactants. It is very important that the 

temperature programming rate be low enough to prevent the structural collapse caused by 

local overheating. Heating the as-synthesized SBA-16 with a rate of 1 - 2 °C/min to 550 

°C and keeping this temperature for 4 - 6 hours can completely remove triblock copolymer 

templates. Higher calcination temperatures lead to lower surface areas, pore volumes, 

surface hydroxyl groups and higher cross-linking degrees of mesoporous materials (Zhang 

et al., 2005). 

2.3.3.5 Titanium Dioxide Doping 

When it comes to titanium dioxide doping, literature suggests that sol-gel based 

functionalization of SBA-16 allows for this combination through co-condensation of a 

titanium dioxide source with a silica source or through post synthesis surface modification 

of the silanol group rich calcined SBA-16 silica surface. Notable examples of both 

approaches include a report that a vinyl-functionalized analogous to SBA-16 can be 

synthesized by co-condensation of tetraethoxysilane (TEOS) and triethoxyvinylsilane 

(TEVS) in the presence of the triblock copolymer Pluronic P123 and inorganic salts such 

as NaCl (Wang et al., 2003) ; and a report of the synthesis of SBA-16 with mercaptopropyl 

groups by two routes: post synthesis grafting of pure mesoporous silica and direct 

functionalization by a co-condensation procedure (Leisant et al., 2005). For this thesis the 
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titanium dioxide doping approach will be a post synthesis grafting of pure mesoporous 

silica by treating it with a titanium alkoxide based sol.  
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Chapter 3  

Research Methodology 

Investigation of the titanium dioxide doped porous nanostructured silicates was a three-

part process involving synthesis, characterization, and proof of concept testing. The 

synthesis work was further decoupled into: i) the proof of concept synthesis of SBA-16 

silica, and ii) the synthesis of titanium dioxide doped SBA-16 silica. Characterization 

involved the use of scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), Energy Dispersive X-Ray (EDS) analysis, nitrogen adsorption-

desorption analysis, and Raman spectroscopy, on the synthesized SBA-16 and SBA-16 

titanium dioxide doped samples. The proof of concept testing involved monitoring the 

SBA-16 titanium dioxide doped samples adsorption and photocatalytic degradation of 

crystal violet, in laboratory conditions. 

3.1 Synthesis 

The silica source, surfactant type, and reaction conditions (solvent, temperature, aging 

time, reactant mole ratio, and the pH of the medium) were all based on findings in a similar 
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work (Ballem et., al, 2010). Basing the synthesis approach on this work ensures that the 

SBA-16 created is comparable to existing SBA-16 material extensively studied in 

literature. As SBA-16 is a mesoporous material, a 2 to 50nm pore size range would 

naturally be expected from a properly synthesized SBA-16 material.  

The design of experiments shown in Table 3.1 was created to layout an ideal 

experimental framework. As indicated by the respective parameter variations, the primary 

process parameter for the proof of concept synthesis of undoped SBA-16 silica is the 

synthesis temperature while the primary process parameter for the synthesis of titanium 

dioxide doped SBA-16 silica is the titanium dioxide solution doping amount. There are 

three experiment batches which are defined as Batch 1 through 3. To ensure result 

accuracy, it was decided that four, two, and four experiments respectively would be 

performed for each of the experiment batches. Meaning, a total of ten experiments were 

conducted, and resulted in the ten samples shown in Table 3.1.  

The first batch of experiments (B1) aimed to i) verify the researcher’s ability to 

accurately synthesize undoped SBA-16 silica comparable to existing SBA-16 material 

extensively studied in literature and ii) compare the synthesis of this SBA-16 silica at room 

temperature (22°C) to its synthesis at a slightly higher temperature (30°C). The temperature 

comparison would establish which temperature would be more ideal for a water 

purification application. The second batch of experiments (B2) focused on doping samples 

synthesized at the temperature believed to be the ideal synthesis temperature with titanium 

dioxide to test the effectiveness of the novel doping approach. The third batch of 

experiments (B3) focused on recreating the titanium dioxide doped SBA-16 material and 
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creating titanium dioxide doped material with increased titanium dioxide doping amounts 

to ensure reproducibility. 

Table 3.1: Design of experiments 

Batch/Specimen Designation TiO2 nanocrystal 

solution doping amount 

Synthesis temperature 

Batch 1 (B1) S1-SiO2 0mL 30°C 

S2-SiO2 0mL 30°C 

S3-SiO2 0mL 22°C 

S4-SiO2 0mL 22°C 

Batch 2 (B2) S1-SiO2-TiO2-test 15mL 22°C 

S2-SiO2-TiO2-test 15mL 22°C 

Batch 3 (B3) S5-SiO2 0mL 22°C 

S1-SiO2-TiO2 15mL 22°C 

S2-SiO2-TiO2 30mL 22°C 

S3-SiO2-TiO2 45mL 22°C 

 

All samples were synthesized by the researcher at St. Francis Xavier University’s 

Chemistry Department and calcined at UNB’s Civil Engineering Environmental Research 

Lab. 

3.1.1 SBA-16 Samples   

The SBA-16 samples were synthesized using the sol-gel method with Pluronic F127 

employed as a structure directing agent (template) and TEOS (tetraethyl orthosilicate) as a 

silica source. 1.85g of the Pluronic F127 was dissolved in 50 mL of 0.2M HCl with 

vigorous stirring at specific controlled temperatures (22°C and 30°C). After approximately 
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three hours, 4.28g of TEOS was added to the surfactant solution with stirring at the 

mentioned temperatures (22°C and 30°C) for 20 more hours. Figure 3.1 shows the SBA-

16 silica synthesis heating and stirring setup. 

  

 

Figure 3.1: SBA-16 silica synthesis heating and stirring setup 

The mixture was aged at room temperature for 7 days, at which point the solid 

product was washed and collected by centrifugation, and oven dried overnight at 125°C. 

Figure 3.2 shows the SBA-16 silica synthesis aging and suction filtration setup. 

 

 

Figure 3.2: SBA-16 silica aging (left) and suction filtration (right) setup 



 

 

34 

 

The surfactant was removed through calcination which was carried out in air by 

heating the resulting material (See Figure 3.3) from room temperature to 560°C at 

increments of about 7°C/min, and then held at peak temperature (560°C) for about 5 hours.  

The resulting samples were named S1-SiO2, S2-SiO2, S3-SiO2 and S4-SiO2. 

 

 

Figure 3.3 SBA-16 silica synthesis calcination setup: exterior (left) and interior (right) 

Following this synthesis, an additional SBA-16 type sample was synthesized for 

the proof of concept tests. For this synthesis, 3.70g of Pluronic F127 was dissolved in 0.2M 

HCl at 22°C with stirring overnight. 8.56g of TEOS was added with stirring at 22°C for 20 

hours, allowed to mature on benchtop for 1 week, filtered on paper, and washed with 

water.  Collected material was filtered, washed with ethanol, dried in the oven at 100°C, 

and allowed to cool to room temperature; at which point 3.29g of white solid was obtained. 

The white solid was ground with mortar and pestle, put into a crucible, and calcined in a 

furnace using the same calcination schedule as previous synthesis. After calcination, the 

sample was cooled and reweighed, at which point 2.10 g of the white solid was left.  
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3.1.2 Titanium Dioxide Doped SBA-16 Samples 

Method 1 

The titanium dioxide doped SBA-16 samples were synthesized using sol-gel method with 

Pluronic F127 employed as a structure directing agent (template), TEOS (tetraethyl 

orthosilicate) as a silica source and TiPO (titanium isopropoxide) as the TiO2 (titanium 

dioxide) dopant.   1.85 g of the Pluronic F127 was dissolved in 15mL of ethanol with 

constant stirring at 22°C, while about 0.56mL of TiPO was dissolved separately in 10mL 

of ethanol with constant stirring at room temperature. After approximately three hours, 

4.28g of TEOS was added to the solution (the Pluronic F127 flask). The TiPO solution was 

then added to the Pluronic F127 and TEOS mixture. The resulting mixture was stirred at 

22°C with an addition funnel dispensing drops of 25mL of 0.2M HCl (See Figure 3.4).  

 

 

Figure 3.4: TiO2 doped SBA-16 silica synthesis setup (method 1) 
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Once all the HCl had been dispensed, the mixture was left stirring at 22°C for 20 

more hours. This method produced a mixture of titanium doped SBA-16 and titanium 

dioxide particles as the titanium dioxide immediately precipitated when HCl was added. 

This was confirmed by the unusual increase in mass following the titanium dioxide 

treatment and elemental analysis of the samples produced. These samples were discarded 

following SEM, TEM and EDS analysis. 

 

Method 2 

The SBA-16 titanium dioxide doped samples were synthesized using sol-gel method with 

Pluronic F127 employed as a structure directing agent (template), TEOS (tetraethyl 

orthosilicate) as a silica source and titanium dioxide nanocrystals as the titanium dioxide 

dopant. Titania sols were made by stirring 16 mL of TiPO under argon in a 22°C bath; 

adding 6 mL of concentrated HCl dropwise to the TiPO (produces smoke), allowing it to 

stir for 30 min. Then adding 80mL of isopropanol, allowing it to stir overnight. The 

resulting titanium alkoxide-hydroxide sol should be clear, pale yellow. 50mg of the SBA-

16 samples synthesized at 22°C was dispersed in 15mL of absolute ethanol with constant 

stirring at 22°C. 15mL of already made titanium dioxide solution was then added to the 

absolute ethanol and SBA-16 sample solution.  

The mixture was then aged at room temperature for 7 days, at which point the solid 

product was filtered, washed by decantation with ethanol (3x), and oven dried overnight at 

125°C. The surfactant was removed through calcination, which was carried out by heating 

the resulting material from room temperature to 560°C at increments of about 7 °C/min, 
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held at peak temperature (560°C) for about 5 hours. This method produced titanium dioxide 

doped SBA-16 samples. These samples were named S1-SiO2-TiO2-test and S2-SiO2-TiO2-

test. Figure 3.5 shows the TiO2 doped SBA-16 silica synthesis setup. 

 

 

Figure 3.5: TiO2 doped SBA-16 silica synthesis setup (method 2) 

 

Following this synthesis, three batches of titanium dioxide doped SBA-16 sample 

were synthesized for the proof of concept photodegradation tests using 15mL, 30mL and 

45mL of titania alkoxide sols on 50mg of the SBA-16 sample (S5-SiO2) synthesized for 

the proof of concept photodegradation tests. Figure 3.6 shows the 15mL, 30mL , and 45mL 

TiO2 doped SBA-16 silica synthesis heating and stirring setup. 
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Figure 3.6: 15mL (left), 30mL (center), and 45mL (right) TiO2 doped SBA-16 silica synthesis heating 

and stirring setup 

 

In all three cases, the solid interspersed well with the solution. Each batch was 

stirred for 40 minutes under argon, then filtered on paper, dried in the oven at 100°C, 

cooled, collected, and weighed. Of the 15mL, 30mL and 45mL doped samples 0.36 g, 0.43 

g, and 0.42 g respectively was left. These samples were then put into crucibles and heated 

at 450°C in a furnace for an hour. They were named S1-SiO2-TiO2, S2-SiO2-TiO2, and S3-

SiO2-TiO2 respectively. 
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3.2 Morphological Characterization 

Microstructural characterization and porosity were carried out through scanning electron 

microscopy and transmission electron microscopy; surface area and porosity 

measurements were carried out by nitrogen adsorption-desorption analysis while 

crystalline structural studies were carried out by Raman spectroscopy analysis.  

3.2.1 Scanning Electron Microscopy 

Particle size and sphericity are critical to determine the accuracy of SBA-16 creations, 

meaning it is very important to have a visual representation of the SBA-16 material’s 

particles. As scanning electron microscopes (SEMs) are designed to make sharp 3D 

micrographs of the surfaces of tiny objects to allow for the study of their surface 

morphologies (texture, shape, and size), scanning electron microscopy is an ideal method 

for getting particle size and sphericity information. Scanning electron microscopy can be 

combined with energy dispersive X-ray microanalysis (EDS) to verify the composition of 

the material being studied. This becomes very important when establishing a connection 

between the titanium dioxide doping amount predicted (amount of doping used in the 

synthesis) and the titanium dioxide doping amount achieved.  

In this thesis, SEM images of the undoped SBA-16 and titanium dioxide doped 

SBA-16 samples were obtained at UNB’s Microscopy and Microanalysis Facility using the 

JEOL JSM 6400 scanning electron microscope shown in Figure 3.7. SBA-16 and titanium 

dioxide doped SBA-16 SEM samples were applied dry to carbon tape. SBA-16 SEM 

samples were coated with a thin layer of gold to provide conductivity while titanium 
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dioxide doped SBA-16 samples were coated with a thin layer of carbon for EDS spectra 

purposes. EDS spectra were collected with an EDAX Genesis 4000 Energy Dispersive X 

– ray (EDS) analyzer. Images for both phases were collected with a Gatan Digital 

Micrograph using a digiscan interface. These images were analyzed using ImageJ to 

determine the approximate diameters of the particles occurring at the different 

temperatures. 

 

 

Figure 3.7: JEOL JSM 6400 scanning electron microscope setup 

 

3.2.2 Transmission Electron Microscopy 

While SEM gives a 3D depiction of the sphericity and size of particles, it is unable to give 

detailed information on the grain orientations in polycrystalline materials or pore structure 

in mesoporous silica. A TEM and Fast Fourier Transform (FFT) analysis combination can 
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be used to study the pore structure of the materials as TEM allows for the resolution of 

features in the range of 0.1 nanometers while FFT of the TEM micrographs gives the 

diffraction pattern of these features. In this thesis, TEM images of the SBA-16 samples and 

titanium dioxide doped SBA-16 samples were obtained at UNB’s Microscopy and 

Microanalysis Facility using the JEOL JEM 2011 transmission electron microscope shown 

in Figure 3.8 with scanning option at an accelerating voltage of 200kV.  

 

 

Figure 3.8: JEOL JEM 2011 transmission electron microscope setup 

 

SBA-16 TEM samples were prepared by dusting the dry sample directly on carbon 

film grids while titanium dioxide doped SBA-16 samples were prepared by suspending the 

particles in ethanol, dispersing with an ultrasonic bath, and pipetting the solution onto a 

carbon film grid. Images for both sample types were collected with a Gatan Ultrascan 
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camera using a digital micrograph. Following this, FFT analysis was carried out using 

ImageJ. 

3.2.3 Nitrogen Adsorption-Desorption Analysis 

While SEM and TEM analysis help visualize material structure, a big part of porous 

material characterization is determining the material’s specific surface area, pore volume 

and pore size distribution. Gas sorption allows for this determination. Applying the 

Brunauer-Emmet-Teller (BET) method, Barret-Joyner-Halenda (BJH) method, and 

Horváth-Kawazoe (HK) method to gas sorption measurements produces accurate and 

detailed quantitative data of the pores. In this thesis, gas sorption (Nitrogen adsorption-

desorption) measurements were obtained at UNB’s Chemical Engineering Lab using the 

BELSORP-max machine shown in Figure 3.9. 

 

 

Figure 3.9: BELSORP-max machine 
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About 0.15g of the titanium dioxide doped SBA-16 samples was degassed at 200°C 

for 10 hours before measurements were taken. The BET method and the HK method were 

used in combination with the Nitrogen adsorption-desorption measurements taken to 

determine the pore size distribution and the surface area of the samples respectively. Total 

pore volume was calculated using the amount of absorbed Nitrogen gas (N2) at a relative 

pressure (P/P0). 

3.2.4 Raman Spectroscopy 

Raman spectroscopy is a non-destructive optical spectroscopy technique that is very 

effective in identifying the amorphous, nanocrystalline and crystalline states of transition 

metal oxides. Raman spectroscopy studies can also be used to identify the various 

polymorphism observed in transition metal oxides. In this thesis, Raman spectroscopy is 

applied to identify the polymorph and nanocrystalline nature of titanium dioxide.  

Titanium dioxide exists in several crystalline forms such as anatase, brookite and 

rutile. Among them, anatase nanocrystals are favored for photocatalytic applications. For 

the case of the titanium dioxide doped SBA-16 material, while EDS might confirm the 

presence of titanium, silicon, and oxygen elements, Raman spectroscopic analysis confirms 

the nature of titanium dioxide. Raman spectra were measured with InVia Raman 

Spectrometer from Renishaw Plc, using He-Ne excitation laser at 633 nm. The spectra were 

recorded at room temperature by the condition of 50 s integral time at a 1 cm–1 resolution. 
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3.3 Proof of Concept Tests 

The viability of the titanium dioxide doped SBA-16 samples for the adsorption and 

photocatalytic degradation of hazardous organic compounds in water, was investigated and 

quantified by monitoring titanium dioxide doped SBA-16 sample’s adsorption and 

degradation of crystal violet. This was carried out at St. Francis Xavier University’s 

Photochemistry Lab. Fisher Scientific 92.6% purity crystal violet with an initial 

concentration of 5 mg/L in de-ionized water and resulting solution pH of 7.35 was used. 

UV irradiation of the crystal violet was carried out in 100mL capacity quartz containers 

using a 32cm (W) × 33cm (D) × 21cm (H) Luzchem irradiation chamber equipped with 

four UV- B lamps positioned above the beakers as shown in Figure 3.10.  

 

 

Figure 3.10: UV irradiation setup of crystal violet in aqueous solution (beaker 1), crystal violet in 

aqueous solution under the action of 30mL TiO2 doped SBA-16 (beaker 2), and crystal violet in 

aqueous solution under the action of 45mL TiO2 doped SBA-16 (beaker 3) 
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In a typical procedure, 60 mL of crystal violet solution was mixed with 50 mg of 

the titanium dioxide doped SBA-16 samples. The adsorption of the dye molecules on the 

surface of the titanium dioxide doped SBA-16 samples was facilitated by stirring the crystal 

violet titanium dioxide doped SBA-16 solution in the dark overnight. Following stirring 

(under irradiation), 2mL of the crystal violet titanium dioxide doped SBA-16 solutions 

were centrifuged and analyzed immediately by Cary Series UV-Vis spectrophotometry to 

determine changes in the base absorption peak (crystal violet absorption peak at 0 minutes 

of UV irradiation). For each time interval tested (10 minutes, 30 minutes, 60 minutes, 120 

minutes, and 180 minutes), 2mL of solution was collected, centrifuged, and studied. 

Centrifugation of each 2mL solution was carried out at 4500 rpm for 10 minutes using 

Eppendorf 5702 model. 

The supernatant solution was put in plastic cuvette cells and analyzed by Cary 

Series UV-Vis spectrophotometry in the wavelength range of 200 – 900nm, using double-

beam mode for background correction (versus water). To verify the extent of the self-

photolysis of crystal violet, a blank test was also carried out by irradiating the crystal violet 

solution without the SBA-16 silica composite. The degradation of crystal violet was 

ascertained from the overall change in the absorption peak. 
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Chapter 4  

Results and Discussion 

Results collection and analysis consisted of morphological characterization data, and proof 

of concept photodegradation test results. Data obtained from morphological 

characterization of the undoped SBA-16 samples allowed for a direct comparison between 

undoped SBA-16 materials synthesized at 22°C and 30°C to determine what synthesis 

temperature would be more advantageous for a water purification application. Data 

obtained from morphological characterization of the doped samples established the 

effectiveness of the novel titanium dioxide doping procedure in doping SBA-16 samples 

with titanium dioxide nanocrystals. Proof of concept photodegradation tests focused on 

applying the titanium dioxide doped SBA-16 samples to the adsorption and 

photodegradation of an organic compound (in this case crystal violet dye) in water.  
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4.1 Morphological Characterization 

4.1.1 Characterization of Undoped and Titanium Dioxide Doped SBA-16 Samples 

4.1.1.1 Scanning Electron Microscopy (SEM) Analysis 

The surface morphology of the undoped SBA-16 samples was determined by analysis of 

SEM images. Figure 4.1 shows SEM images of all four undoped SBA-16 samples. Figure 

rows identify the preparation temperature while the columns indicate the magnification 

level. The 30°C prepared samples (S1-SiO2 and S2-SiO2) are shown in the first two 

columns (Figure 4.1 (a), (b), (e) and (f)), while the 22°C prepared samples (S3-SiO2 and 

S4-SiO2) are shown in the last two columns (Figure 4.1 (c), (d), (g) and (h)). Row one 

consists of images of magnification 3000x, while images in row two were taken at 10000x 

magnification. 

 

 

Figure 4.1: SEM images of undoped 30°C prepared SBA-16 samples ((a), (b), (e), (f)), and undoped 

22°C prepared samples ((c), (d), (g), (h)) 
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Images were analyzed using ImageJ to determine the approximate diameters of the 

particles occurring at the different temperatures. The 30°C samples show similar 

morphology with projected individual circle area of about 0.21µm2 and projected 

agglomerated circle area of about 1.01µm2. The 22°C samples also show similar 

morphology, with projected individual circle area of about 19.26µm2. The structural 

parameters of these samples are very characteristic of those shown in literature. Figure 4.1 

also shows that the 22°C particles are significantly better separated than the 30°C particles. 

As well separated particles are preferable for adsorption, synthesis at the 22°C temperature 

was determined to be more advantageous for a water purification application. This is very 

convenient as this has the added benefit of cost savings in terms of energy expended, as it 

takes little if any heating or cooling (energy) to keep the temperature of a synthesis 

happening in a room at room temperature (22°C).  

The novelty, and hence a main obstacle in this project is doping the undoped SBA-

16 particles with titanium dioxide. Meaning, ensuring that titanium dioxide is present not 

simply as a mixture but as a coating is very important for the success of the project. Figure 

4.2 shows SEM images of the first batch of titanium dioxide doped SBA-16 samples 

prepared; the test batch. The first sample (S1-SiO2-TiO2-test) in this batch of titanium 

dioxide doped samples is shown in the first column (Figure 4.2 (a) and (c)) while the second 

sample (S2-SiO2-TiO2-test) in this batch of titanium dioxide doped samples is shown in 

the second column (Figure 4.2 (b) and (d)). Figure rows indicate the magnification level. 

Row one consists of images of magnification 3000x, while images in row two were taken 

at 10000x magnification. The samples have similar morphology, showing individual 
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spherical particles with fractured surfaces and projected individual circle area ranging from 

about 16.39 to 46.28µm2.  

 

 

Figure 4.2: SEM images of the TiO2 doped test batch samples; S1-SiO2-TiO2-test ((a), (c)) and S2-

SiO2-TiO2-test ((b), (d)) 

 

Figure 4.3 shows the back scattered image of a titanium dioxide doped SBA-16 

sample. We find that all the particles show pretty much the same intensity, a good 

indication that the particles are homogenous in terms of material composition. Although 

the Back-scattered Electron Detector shows atomic contrast, it is influenced by topography 

and since these samples are not flat and polished there is a gradient visible on the spherical 
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edges. This does not necessarily indicate a change in atomic density around the corners, 

but instead a bit of particle topography. 

 

 

 

Figure 4.3: Backscattered image of a TiO2 doped SBA-16 (S2-SiO2-TiO2-test) sample 

 

 The tabulated results in Table 4.1 provide a quantitative view of the elemental 

composition in the various inspection fields in units of weight percent. Results shown in 

Table 4.1 are normalized to 100% weight percent for ease of calculating ratios of elements. 



 

 

51 

 

The results reveal that O, Si and Ti are the main elements present within the inspection 

field of both titanium dioxide doped SBA-16 samples.  This suggests that both titanium 

dioxide doped SBA-16 samples are primarily composed of silica and titanium or silica and 

titanium oxide. Although titanium seems to make up very little of the elemental 

composition, its weight percent is above the detection limit of the EDS detector and hence 

can be counted as significant. Table 4.1 also shows that the Si to Ti weight percent ratio is 

consistently about 15 to 1, with a 0.08 standard deviation between the S1-SiO2-TiO2-test 

and S2-SiO2-TiO2-test sample average Si to Ti weight percent ratio values across the three 

inspection fields. The 15 to 1 ratio supports a titanium dioxide doping based coating claim 

while the small standard deviation value suggests that the elemental composition is 

consistent throughout the sample.  

Table 4.1: Elemental composition of the TiO2 doped SBA-16 test batch samples 

Samples Weight Percent (Wt %) Si to Ti Ratio 

  O K  Si K  Ti K  Total  

S1-SiO2-TiO2-test (1) 55.41 42.01 2.85 100 14.74 

S1-SiO2-TiO2-test (2) 55.99 41.34 2.66 100 15.54 

S1-SiO2-TiO2-test (3) 60.00 37.57 2.43 100 15.46 

S2-SiO2-TiO2-test (1) 57.22 39.99 2.78 100 14.38 

S2-SiO2-TiO2-test (2) 53.81 43.22 2.98 100 14.50 

S2-SiO2-TiO2-test (3) 58.15 39.34 2.51 100 15.67 
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4.1.2 Transmission Electron Micrograph (TEM) Analysis 

Figure 4.4 shows the three types of TEM image results obtained. Low magnification Figure 

4.4 (a) like images establish a relationship between TEM images and the 3D morphology 

observed in the SEM images, as they highlight 2D projection of spherical particles which 

are the TEM equivalent of the 3D spherical particles seen in the SEM images. While these 

types of low magnification images are ideal for establishing a correlation between SEM 

and TEM images they don’t provide crystal lattice information. This is because the 

particles shown here are too big and hence too thick to be observed. Meaning that even at 

an accelerating voltage of 200kV, the TEM machine’s beam cannot get through these 

particles, so they show up as opaque. High magnification Figure 4.4 (b) like images provide 

crystal lattice information. While these types of images show particles that aren’t spherical 

which might lead to some confusion in the way of if the nature of the particles is spherical, 

the key is in the magnification.  

We find that as Figure 4.4 (b) like images are taken at a significantly higher 

magnification, particles shown in these images are significantly smaller than those shown 

in Figure 4.4 (a) like images. The reason for this is that Figure 4.4 (b) like images show 

fragments of Figure 4.4 (a) like image particles that are significantly thinner than Figure 

4.4 (a) like image particles and hence easier to observe in a TEM machine. Meaning 

significantly smaller fragments of the bigger Figure 4.4 (a) like particles which take on 

various shapes are looked for as they are significantly thinner and hence are more likely to 

show the lattice fringes needed to determine the nature of the crystal structure. Figure 4.4 

(c) like images show what the lattice fringes look like. Figure 4.4 (c) like images have the 
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greatest magnification of the three images and are the images used to determine the nature 

of the crystal structure.  

 

Figure 4.4: Low magnification (a), high magnification (b), and lattice fringes (c) type TEM images 

 

Figure 4.5 shows lattice fringes for all four undoped SBA-16 samples while Figure 

4.6 shows their Fast Fourier Transforms. The 30°C prepared samples (S1-SiO2 and S2-

SiO2) are shown in the first row (Figure 4.5 (a) and (b) respectively), while the 22°C 

prepared samples (S3-SiO2 and S4-SiO2) are shown in the second row (Figure 4.5 (c) and 

(d) respectively).  Lattice fringes present in the Figure 4.5 images suggest that the samples 

have an ordered porous structure. Regions without these fringes do not necessarily imply 

that the particle becomes more disordered, as increase in thickness of the particles result in 

less visible lattice structures.  
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Figure 4.5: Lattice fringes of undoped 30°C prepared SBA-16 samples ((a), (b)), and undoped 22°C 

prepared samples ((c), (d)) 
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Figure 4.6: FFT images of undoped 30°C prepared SBA-16 samples ((a), (b)), and undoped 22°C 

prepared samples ((c), (d)) with each point shown on each of the images representing an atomic plane 

 

Fast Fourier Transforms shown in Figure 4.6 are suggestive of a 7.72
𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
 , 

8.64
𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
  plane spacing for the 30°C prepared samples and a 6.15

𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
 , 7.98

𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
  plane 

spacing 22°C prepared samples respectively. Figure 4.7 shows the lattice fringes of all 

titanium dioxide doped SBA-16 test samples prepared at this phase. The first of the 

titanium dioxide doped test samples (S1-SiO2-TiO2-test) is shown in the first column 

(Figure 4.7 (a)) while the second titanium dioxide doped sample (S2-SiO2-TiO2-test) is 

shown in the second column (Figure 4.7 (b)). Lattice fringes present in the Figure 4.7 
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images suggest that the samples have an ordered porous structure. Regions without these 

fringes do not necessarily imply that the particle becomes more disordered, as increase in 

thickness of the particles result in less visible lattice structures.  

 

Figure 4.7: Lattice fringes of the TiO2 doped test batch samples; S1-SiO2-TiO2-test (a), and S2-SiO2-

TiO2-test (b) 

 

 

Figure 4.8: FFT images of the TiO2 doped test batch samples; S1-SiO2-TiO2-test (a), and S2-SiO2-

TiO2-test (b) with each point shown on each of the images representing an atomic plane 
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Fast Fourier transforms shown in Figure 4.8 are suggestive of a 9.16
𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
 plane spacing 

first batch of titanium dioxide doped sample and a 8.15 𝑡𝑜 8.27
𝑛𝑚

𝑐𝑦𝑐𝑙𝑒
  plane spacing for the 

second batch of titanium dioxide doped sample respectively. Secondary coating/film seen 

in Figure 4.9 are believed to be a product of the titanium dioxide doped SBA-16 particles 

synthesis and TEM preparation techniques. It is unlikely that the secondary coating/film is 

a damaged carbon support film as particles wouldn’t appear in the micrographs if this was 

the case.  

 

 

Figure 4.9: TEM images showing the secondary coating/film on TiO2 doped SBA-16 samples 
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4.2 Proof of Concept Tests 

Titanium dioxide doped sample results verified the viability of the titanium dioxide doping 

approach. To assess the effectiveness of the process that produced the titanium dioxide 

doped SBA-16 samples, a new batch of titanium dioxide doped SBA-16 samples were 

produced. New batches of titanium dioxide doped SBA-16 samples made to be extensively 

analyzed before applied to water purification speak to the reproducibility of the process, 

and the effect of changing the amount of titanium dioxide doping. For these new titanium 

dioxide doped SBA-16 samples (S1-SiO2-TiO2, S2-SiO2-TiO2 and S3-SiO2-TiO2), Raman 

spectroscopy and Nitrogen adsorption-desorption analysis were performed in addition to 

the testing done with previous samples. Results of these analysis confirmed the readiness 

of the samples for proof of concept photodegradation tests whose results have also been 

included in this section.  

4.2.1 Characterization of Titanium Dioxide Doped SBA-16 Samples 

4.2.1.1 Scanning Electron Micrograph (SEM) Analysis 

Figure 4.10 shows SEM images of all titanium dioxide doped SBA-16 samples prepared 

for the proof of concept photodegradation tests. The 15mL titanium dioxide doped sample 

(S1-SiO2-TiO2) is shown in the first column (Figure 4.10 (a) and (d)), the 30mL titanium 

dioxide doped sample (S2-SiO2-TiO2) is shown in the second column (Figure 4.10 (b) and 

(e)), and the 45mL titanium dioxide doped sample (S3-SiO2-TiO2) is shown in the third 

column (Figure 4.10 (c) and (f)). Figure columns indicate the magnification level. Row one 

consists of images of magnification 3000x, while images in row two were taken at 10000x 
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magnification. The samples have similar morphology, showing individual spherical 

particles with projected individual circle area ranging from about 7.79 to 56.72µm2.  

 

 

Figure 4.10: SEM images of the 15mL (a, d), 30mL (b, e), and 45mL (c, f) TiO2 doped samples 

 

4.2.1.2 Transmission Electron Micrograph (TEM) Analysis 

Figure 4.11 shows the amorphization of the 15mL doped SBA-16 sample (S1-SiO2-TiO2) 

with beam exposure. Figure 4.11 (a), Figure 4.11 (b) and Figure 4.11 (c) were taken just 

seconds apart. This quick amorphization combined with increased titanium dioxide doping, 

makes it difficult to capture lattice fringe images of these samples. Taking this into 

consideration and the fact that previous titanium dioxide samples (S1-SiO2-TiO2, and S2-

SiO2-TiO2) have proved the ordered nature of titanium dioxide doped SBA-16 through 
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their lattice fringes, the present focus is to explore the location of titanium dioxide on the 

samples. Figure 4.12 shows one of the samples explored with arrows in Figure 4.12 (b) 

indicating possible areas of the titanium dioxide doping. This is confirmed in the EDS 

mapping image shown in Figure 4.13 (b). We see the presence of silicon represented by 

blue and titanium by green. We also find that the titanium is not randomly dispersed outside 

the particle but seems to support the idea of a particle coating. 

 

Figure 4.11: TEM images of 45mL TiO2 particle’s amorphization with beam exposure 

 

 

Figure 4.12: TEM image of a 45mL TiO2 doped particle (a) and one of its heavily concentrated TiO2 

doping areas (b) 
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Figure 4.13: TEM image of one of a 45mL TiO2 doped particle’s heavily concentrated TiO2 doping 

areas (a) and EDS mapping obtained color representation of the elements present 

 

4.2.1.3 Nitrogen Adsorption - Desorption Measurements  

The BET surface area and HK porosity distribution of the undoped SBA-16 and titanium 

dioxide doped SBA-16 samples were found through physisorption analysis and are shown 

in Table 4.2 and Figure 4.14, respectively. Titanium dioxide doped SBA-16 samples 

exhibit relatively large BET surface area, and high pore volume (Table 4.2). The undoped 

SBA-16 sample (S5-SiO2) showed the least adsorption potential with a surface area of 

188.75 m2/g, total pore volume of 0.1113 cm3/g and mean pore diameter of 2.3589 nm. 

The 30mL titanium dioxide doped SBA-16 (S2-SiO2-TiO2) followed with a BET surface 

area of 223.48 m2/g, total pore volume of 0.1307 cm3/g and mean pore diameter of 2.3399 

nm. While the 45mL titanium dioxide doped SBA-16 sample (S3-SiO2-TiO2) showed the 
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most adsorption potential with a BET surface area of 233.08 m2/g, total pore volume of 

0.1272 cm3/g and mean pore diameter of 2.1825nm.  

The BET surface area results suggest that increase in the amount of titanium dioxide 

dopant results in a slight increase in surface area which could possibly lead to an increase 

in adsorption potential. BET results also show that increase in the amount of titanium 

dioxide dopant results in a slight decrease in the mean pore diameter. Whether or not 

sacrificing pore diameter for titanium dioxide doping will improve the material’s 

effectiveness in water purification applications will be explored in the photoactivity sub 

section. A related concern was that the titanium dioxide doping would result in 

considerable pore blocking. While the reduction in pore diameter with increase in titanium 

dioxide doping might suggest some amount of pore blocking/pore coating, this amount of 

pore blocking/pore coating is not significant enough to be of concern. 

 

Table 4.2: Total pore volume and BET area of proof of concept tests samples  

Samples Total Pore Volume (cm3/g) BET Surface Area (m2/g) 

S5-SiO2 0.1113 188.75  

S2-SiO2-TiO2 0.1307 223.48  

S3-SiO2-TiO2 0.1272 233.08  

 

The HK pore size distribution results obtained from desorption curves demonstrate 

that the peak pore diameter for the undoped, 30mL doped, and 45mL doped samples are 

between 0.66 nm, 0.64 nm, and 0.66 nm respectively. The HK pore size distribution also 
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confirms that the SBA-16 is microporous not mesoporous as the bulk of the pores lie within 

0.5nm to 1.5nm, a range classified by the IUPAC as microporous. There is little variation 

between the results of the three samples. 50% of pores are below 1nm, while 95% of the 

pores are below 2.5 nm. The steady state value of pore volume (cc/g) is shown in Table 

4.2, while the complete distributions are presented below in Figure 4.14. Cumulative 

porosity distribution represents the amount of nitrogen absorbed in pores of increasing 

magnitude, during physisorption analysis.  

 

 

Figure 4.14: HK porosity distribution plot of a) SBA-16 sample, b) 30mL TiO2 doped sample, and c) 

45mL TiO2 doped sample 
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4.2.1.4 Raman Spectroscopy  

Raman spectra shown in Figure 4.15 establishes the nature of the titanium dioxide present 

in the titanium dioxide doped SBA-16 samples. The peak marked by the arrow corresponds 

to the anatase phase of crystalline titanium dioxide and is attributed to the E1g phonon 

modes of nanocrystalline anatase titanium dioxide which usually exists at 144 cm-1 as 

opposed to rutile titanium dioxide which usually exists at 440 cm-1. This peak is showing 

considerable broadening when compared with the crystalline anatase titanium oxide 

microcrystals. This is an evidence for the existence of anatase phase and nano crystallinity 

of the titanium dioxide (Balaji, 2006). The figure also establishes a relationship with 

titanium dioxide doping amount, as it shows that the sample peak and hence the amount of 

anatase form of titanium dioxide, becomes more pronounced as titanium dioxide doping 

increases. As the anatase form of titanium dioxide is the form of titanium dioxide that 

absorbs UV light, the samples are expected to strongly support photocatalysis.  

 

 

Figure 4.15: Raman spectra of TiO2 doped SBA-16 samples 
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4.2.2 Photocatalytic activity of Titanium Oxide Doped SBA-16 Samples  

The optical absorption spectrum of crystal violet is characterized by three bands in the UV 

region located at 208nm, 249nm, and 303nm, and one band in the visible region located at 

591 nm. Crystal violet degradation was monitored and accessed by the absorbance changes 

in the visible region band during photodegradation of the crystal violet in aqueous solution. 

The absorption spectrum of crystal violet shown in Figure 4.16 suggests that with 

increasing irradiation time, the absorbance peak at 590 nm decreases with an overall shift 

in the absorption wavelength from 590 nm to 589.5 nm. This absorption peak decrease and 

leftward shift in the absorption peak’s wavelength are indicators of crystal violet 

decomposition. Meaning the absorption spectrum shown in Figure 4.16 shows the ability 

of UV irradiation to decompose and degrade organic material (in this case crystal violet). 

 

 

Figure 4.16: UV-Vis spectral changes of crystal violet in aqueous solution as it degrades with time 
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Table 4.3 shows the corresponding wavelength value of the absorption peak for each 

crystal violet solution irradiation time. 

Table 4.3: Irradiation time and wavelength values of crystal violet spectral changes 

Irradiation time Wavelength (nm) 

0 590 

10 590.5 

30 590 

60 590 

120 589.5 

 

Having observed the effect of UV-B irradiation on crystal violet, the effect of 

titanium dioxide doped SBA-16 material can be observed, and a comparison made. Figure 

4.17 and 4.18 show the absorption spectrum of crystal violet with the incorporation of 

30mL (S2-SiO2-TiO2) and 45mL (S3-SiO2-TiO2) titanium dioxide doped SBA-16 samples 

respectively. Like the Figure 4.16 plot, the 30mL and 45mL titanium dioxide doped SBA-

16 incorporated plots show an overall decrease in the absorption peak and a leftward shift 

in the absorption peak’s wavelength from 590.5 nm to 583 nm and 591 nm to 582 nm 

respectively. However, the overall change in the absorption peak and leftward shift are 

greater when the titanium dioxide doped samples are incorporated than with simple UV-B 

irradiation. Suggesting an improvement in the effectiveness of photodegrading crystal 

violet with the incorporation of titanium dioxide doped SBA-16 to the irradiation process. 
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Figure 4.17: UV-Vis spectral changes of crystal violet in aqueous solution as it degrades with time 

under the action of 30mL TiO2 doped SBA-16 

 

 

Figure 4.18: UV-Vis spectral changes of crystal violet in aqueous solution as it degrades with time 

under the action of 45mL TiO2 doped SBA-16 
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Leftward shift values for the titanium dioxide doped sample incorporation are comparable 

to previous research on photodegradation of crystal violet using titanium dioxide (Chen et 

al., 2007; Priya et al., 2009) in which a leftward shift of the UV-Vis absorption peak from 

588.3 to 543.2 nm and 591.5 to 563 nm were seen respectively. These shifts are 

significantly larger than what are shown in this research’s proof of concept test because of 

the stronger UV-C irradiation used in comparison to this research’s UV-B irradiation. 

Leftward shifts have been attributed to consecutive N-demethylation reactions, 

corresponding to removal of methyl groups.  

Table 4.4 shows the corresponding wavelength value of the absorption peak for 

each irradiation time of the 30mL (S2-SiO2-TiO2) and 45mL (S3-SiO2-TiO2) titanium 

dioxide doped SBA-16 samples. 

 

Table 4.4: Irradiation time and wavelength values of crystal violet spectral changes under the action 

of the 30mL and 45mL TiO2 doped SBA-16 samples 

Irradiation 

time 

S2-SiO2-TiO2 S3-SiO2-TiO2 

Wavelength (nm) Wavelength (nm) 

0 590.5 591 

10 589.5 590.5 

30 587.5 589.5 

60 586.5 586.5 

120 585 584.5 

180 583 582 
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We find that of the titanium dioxide doped samples tested, the 45mL titanium 

dioxide doped sample shows faster crystal violet degradation. As the photodegradation of 

crystal violet takes place on the surface of titanium dioxide particles, it is believed that the 

increase of the titanium dioxide loading increases the surface coverage of titanium dioxide 

on the undoped SBA-16, which leads to the enhancement of the rate of photodegradation 

of crystal violet. While a comparison with undoped SBA-16 wasn’t carried out, it is 

expected that the photodegradation potential of titanium dioxide doped SBA-16 is 

significantly greater than that of undoped SBA-16.  
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Chapter 5  

Continued Work and Conclusions 

5.1 Continued Work 

Based on the observations and results from this study, future work should focus on 

optimizing the novel synthesis process. The current study restricted the overall complexity 

of the process by focusing on the effect of varying only parameters necessary to establish 

the effectiveness of the synthesis process (like temperature and titania doping amount). 

Fully optimizing the process would involve considering how the other parameters can serve 

to further improve the process and resulting titanium dioxide doped SBA-16 material.  

Optimization can be carried out theoretically and experimentally. An experimental 

approach would involve the creation of a significant number of samples for each parameter 

variation and carrying out proof of concept tests on each one to compare their effectiveness. 

A theoretical approach would involve the incorporation of computational modeling into 

the work to gain more insight through simulation/modeling techniques. Both would require 

high level characterization equipment (like a High Resolution TEM) as these help identify 
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in more detail the nature of the titanium dioxide doped SBA-16 material synthesized and 

hence help in material or process modelling.  

While computational modeling of the SBA-16 material could be insightful, as most 

research involving the SBA-16 material and synthesis process are experimental, it would 

be even more beneficial to model the relationship between the effectiveness of the titanium 

dioxide doped SBA-16 material produced in water purification applications. In particular, 

the synthesis temperature and titanium dioxide doping amount parametric optimization 

could prove further cost-effectiveness to the end product. Considering the 

commercialization potential of the titanium dioxide doped SBA-16 material and its 

synthesis process, we find that the titanium dioxide doped SBA-16 material can be directly 

incorporated into two market sectors, namely potable water filtration, and multifunctional 

material application.  

 

5.1.1 Titanium dioxide Doped SBA-16 Deployment Methods 

5.1.1.1 Potable Water Filtration  

This application would involve i) applying the material to the treatment of water on an 

industrial scale, specifically targeting heavy metals or organics in large scale volumes; or 

ii) applying the material to small scale water filtration and testing its effectiveness against 

incumbent technologies such as silica gel and activated carbon filter systems alone or as a 

series component with the incumbent technology, particularly for potable (drinking) water.  

For example, membrane fouling is a major problem of membrane-based water 

filtration. It can occur on the surface of the membrane and/or within the pores of the 
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membrane and usually leads to reduction in flux. The combination of titanium dioxide 

doped SBA-16 with membrane processes would present a viable deployment method for 

titanium dioxide doped SBA-16 in water purification. By incorporating titanium dioxide 

doped SBA-16 to the membrane system, dissolved low-molecular weight organic 

substances can be adsorbed and degraded simultaneously, thereby significantly reducing 

membrane fouling.  

 

5.1.1.2 Multifunctional Material Applications 

This material application would involve the manufacturing of nano-composite materials 

for medical applications as either a thin coating matrix for bone-graft materials (ex. bone 

screws, hip replacements etc.) that would promote osteogenesis for faster recovery and 

improved biocompatibility of surgically transplanted prosthesis. The material could also 

be applicable as a bone-cement, which has been shown to improve outcomes and recovery 

time following open-chest surgery by promoting sternal healing. 

 

5.2 Conclusions 

Highly ordered mesoporous titanium dioxide doped silica composites with cubic Im3m 

structure have been successfully prepared through the advanced sol-gel synthesis of SBA-

16 silica and post titanium dioxide doping method using TEOS and titanium dioxide 

nanocrystals as silica and titanium dioxide doping sources, respectively. SEM, TEM, and 

Nitrogen adsorption-desorption analysis, characterized their highly ordered mesostructure 
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and suggest that this structure was maintained for the 15mL, 30mL and 45mL titanium 

species loading performed. Nitrogen adsorption-desorption analysis exhibits the silica 

composite’s high surface area, large pore volume and moderate pore sizes. Elemental 

analysis showed Si to Ti ratio of about 15:1, and a small standard deviation value, 

suggesting that the elemental composition is consistent throughout the sample. Further 

signifying that the novel post synthesis of SBA-16 doping approach is an effective method 

to synthesize titanium dioxide doped SBA-16 silica with cubic Im3m mesoporous network. 

However, the mesostructure will likely collapse with significant increase of titanium 

dioxide doping.  

To achieve high photocatalytic efficiency, both high crystallinity and accessible 

mesoscopic structure (high surface area) are essential. Raman spectroscopy studies 

conclusively evidenced the presence of nanocrystalline anatase titanium dioxide previously 

suggested by TEM measurements. This is very important as nanocrystalline anatase titania 

is known for superior photocatalytic effect. Proof of concept studies suggest that the 

titanium dioxide doped silica composites facilitate accelerated N-demethylation reactions, 

corresponding to accelerated removal of methyl groups. This can be seen by the 9nm 

leftward shift of the 45mL TiO2 doped sample incorporation in comparison to the 7.5nm 

and 0.5nm leftward shift of the 30mL TiO2 doped sample incorporation and simple UV-B 

irradiation respectively. In summary, titanium dioxide doped mesoporous silicates (SBA-

16 type) synthesized using the novel post advanced sol-gel SBA-16 synthesis titanium 

dioxide nanocrystal direct coating approach provide a viable method for purification of 

water containing suspended particulates. 
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Appendix A 

Major Pollution Types and Sources 

Pollution Type Primary Sources 

Organic matter Industrial wastewater and domestic sewage. 

Pathogens and microbial  Domestic sewage, cattle, other livestock, and natural 

sources. 

Nutrients Industrial discharge, runoff from agricultural lands and 

runoff from urban areas. 

Salinization Over irrigated alkaline soils and over-pumped coastal 

aquifers. 

Acidification (precipitation 

or runoff) 

Sulphur, nitrogen oxides and particulates from electric 

power generation, industrial stack, and auto/truck 

emissions. As well as, acid mine drainage from tailings 

as well as mines. 

Heavy metals Industries and mining sites. 

Toxic organic compounds 

and micro-organic pollutants. 

Industrial sites, automobiles, farmers, home gardeners, 

and municipal wastewaters. 

Thermal Fragmentation of rivers by dams and reservoirs 

slowing water and allowing it to warm up. Industry 

cooling towers and other end-of-pipe above-ambient 

temperature discharges. 

Silt and suspended particles Natural soil erosion, agriculture, road building, 

deforestation, construction, and other land use changes. 
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Plastics (mega, macro, and 

micro) 

Wastewater effluent refuse site leachate, watercraft 

discharge, negligent handling, and domestic sewage.  

Sources: i) Compilation: Revenga and Mock, 2000. Taylor and Smith, 1997; Shiklomanov, 

1997; UNEP/GEMS, 1995. ii) R. Peters, W. Beck, personal communication, 2004, iii) LI, 

W. C., TSE, H. F., & FOK, L, 2016.  

 

Note that micro-organic pollutants now include endocrine disrupters, antioxidants, 

plasticizers, fire retardants, insect repellents, solvents, insecticides, herbicides, fragrances, 

food additives, prescription drugs, non-prescription drugs (like caffeine, nicotine, 

stimulants, etc.) and pharmaceuticals (like birth control, antibiotics, etc.). 
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