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SUMMARY 

In recent years, titanium dioxide (TiO2) has become the most popular photocatalyst 

for environmental purification due to its capability to completely degrade a large 

variety of organic pollutants. However, an attempt to widen the scope of TiO2 

application is hindered due to wide bandgap of TiO2 that limits the photoactivation 

of TiO2 only under UV irradiation. In addition, previous work on environmental 

purification usually employed TiO2 in the form of suspension system for water 

treatment. Although TiO2 suspension system provides high surface area for 

photocatalytic reaction and can minimize mass transfer limitation, the widespread use 

of TiO2 is restricted as suspension system has additional separation problems. This 

study therefore focused on (1) developing visible light activated TiO2-based 

photocatalyst for enhanced degradation of organic pollutants under visible light 

irradiation and (2) immobilization of TiO2 composite on cementitious materials as 

supporting media for self-cleaning and antimicrobial application. 

The first part of this study was the synthesis of visible light activated graphene based 

TiO2 composites by a one-step hydrothermal process. It was found that the 

combination of GO and TiO2 exhibited a significant improvement in degradation of 

methylene blue compared to unmodified TiO2. GO-TiO2 displayed an obvious 

redshift in the absorption edge to higher wavelength region along with strong 

absorption in the visible light range. Under visible light irradiation, graphene acts as 

sensitizers to absorb photon. Following absorption, the excited graphene injects 

electrons into the conduction band of TiO2; thus, the created electron-hole pairs 

become well-separated. These processes could significantly suppress the charge 

recombination and finally increase the photocatalytic activity. On the other hand, the 

enhancement of adsorption capability also contributes to the increase of 

photocatalytic activity. This finding is of considerable importance since it suggests 

that the simple synthesis process still provide remarkable improvement in the 

photocatalytic activity. In following research, the synthesized catalyst particles will 

be dispersed in cementitious materials to formulate functional cementitious coating. 

Finally, their photocatalytic performance in self-cleaning and anti-microbial 

application will be evaluated. 
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Chapter 1. Introduction 

1.1. Research background 

In 2017, World Health Organization (WHO) reports that environmental risks – for 

example air pollution, contaminated water, lack of sanitation, and poor hygiene – take 

the lives of 1.7 million children under age 5 years (WHO, 2017). A polluted 

environment is a deadly one and hence reducing environmental risks could save 

millions of lives. Technological innovations may address such environmental 

problems and create an environmentally more sustainable future. Titanium dioxide 

(TiO2) has emerged as an excellent photocatalyst for reducing environmental risks. 

Early works focused on treatment of polluted water using TiO2 in powder suspension 

forms (Mills and Le Hunte, 1997, Simonsen, 2014). This method is efficient due to 

large surface area of the catalyst and the absence of mass transfer limitations. 

However, the widespread application is limited as the use of suspension has 

additional separation problems to be recycled from treated water after use, making it 

time consuming and cost ineffective (Herrmann et al., 1997, Pestana et al., 2015, 

Rachel et al., 2002).  

In order to overcome these problems, many techniques have been proposed for 

immobilization of TiO2 on solid support (Fujishima et al., 2007, Rachel et al., 2002). 

In recent years, there has been increasing interest in using cementitious materials as 

catalyst supporting media (Chen and Poon, 2009b). The main strategy is to exploit 

facade of the building in urban areas as catalyst supporting media. The cementitious 

materials used in building facade offer enormous surface area for photocatalytic 

reactions (Cassar, 2004). This strategy have a good potential in urban pollution 

control and at the same time maintain aesthetic of the buildings appearance (Krishnan 

et al., 2013, Jimenez-Relinque et al., 2017, Yang et al., 2017). Furthermore, 

incorporating TiO2 photocatalyst into cementitious materials may be able to keep the 

cement-based surface sterile by inhibiting the growth of microorganisms through 

photocatalytic degradation (Guo et al., 2013, Singh et al., 2018). Thus, utilizing 

cement-based materials as catalyst supporting media potentially transform ordinary 

cementitious materials into environmentally friendlier products such as air-purifying 
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pavement, self-cleaning external wall, and anti-bacterial concrete as shown in Figure 

1-1 . 

 

Figure 1-1: Multiple functions of TiO2 based photocatalyst in cementitious materials 

(adapted from (Asaka Riken Co.) 

1.2. Research motivation 

As mentioned earlier, employing cement-based surface as catalyst supporting media 

greatly enhances its use in practical applications. Various functions such as self-

cleaning, air purifying, and anti-bacteria effect potentially can be achieved by 

cementitious materials containing TiO2 photocatalysts. Despite of being 

advantageous and beneficial, the TiO2 based photocatalytic cementitious materials 

have several obstacles that hinder its full potential in practical applications. The major 

challenges include: 

• The pristine TiO2 absorption spectra are limited to the ultraviolet (UV) region due 

to its wide bandgaps (3.0~3.2 eV). Hence, TiO2 photocatalyst mainly absorb UV 

photons for their photocatalysis activation. Whilst it can use natural solar – UV 

radiation as a promising energy source, there is only a small number of UV 

photons that can be used to carry out reactions at the TiO2 surface. In terms of 

energy, sunlight at Earth’s surface is around 52 to 55 percent infrared (700 – 106 
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nm), 42 to 43 percent visible (400 – 700 nm) and 3 to 5 percent ultraviolet (100 – 

400 nm). Thus, there is a strong need to develop visible light active photocatalyst. 

• Compared with air-purification and self-cleaning applications, little research has 

been carried out to study anti-bacterial effect of photocatalytic cementitious 

materials. For this reason, there is a current need in understanding the 

photocatalytic activity of TiO2 based cementitious materials for anti-bacterial 

application. It is hypothesized that cementitious materials containing TiO2 

nanoparticles might affect bacterial initial attachment and growth. Hence, the 

presence of TiO2 catalyst can potentially suppress biofilm formation on cement-

based surface or keep the surface sterile. 

• The efficient adsorption of the contaminants on the surface of the photocatalyst 

remains an issue yet is an important factor for achieving high degradation rate. 

This implies that a hybrid of TiO2 and an adsorbent may exhibit better performance 

than that of pristine TiO2. The ability of material to adsorb organic molecules onto 

its surface may greatly enhance the overall degradation process since it provides a 

shorter path for charge interaction.  

1.3. Objectives 

Photocatalytic cementitious material is one of the active research areas in concrete 

material engineering, and yet it holds the key to broaden the benefit of photocatalysis 

technologies in practical applications. To develop multifunctional photocatalysis 

cementitious materials which can be activated by visible light illumination, a clear 

understanding on the critical parameters and basic mechanisms affecting their 

photocatalytic performance must be achieved. To this end, a series of research 

program has been conducted. First, it started by fabricating the visible light activated 

TiO2-based photocatalyst through coupling with graphene oxide. Subsequently, the 

synthesized catalyst particles were dispersed in cementitious materials to formulate 

functional cementitious coating. Finally, their photocatalytic performance in self-

cleaning and anti-microbial was evaluated; further, the influence of some parameters, 

such as TiO2 loading content, TiO2 type, mixing procedure has been optimized. The 

scope of this research study is described below: 
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i. Effect of TiO2 nanostructure on photocatalytic performance 

• To characterize commercial TiO2 nanoparticles (optical properties and 

morphology) 

• To detect hydroxyl radical generation 

• To investigate the microstructure of cementitious materials 

• To study the wettability 

• To observe the antibacterial effect under UV light 

ii. GO-TiO2 nanocomposite 

• To synthesize GO-TiO2 nanocomposite 

• To optimize synthesis conditions for this visible light active photocatalyst 

• To characterize the synthesized product and investigate the physiochemical 

properties 

• To examine the absorption capability, dye degradation performance, and 

antibacterial effect 

iii. Visible light self-sterilization surface 

• To evaluate the antibacterial efficiency under visible light  

• To investigate the surface hydrophobicity 

• To examine the optical properties 

iv. Lightweight ECC for antibacterial application 

• To do microscopic analysis 

• To evaluate mechanical performance  

• To examine the antibacterial activity 

The new graphene-TiO2 based photocatalysts will have much wider light absorption 

range and radically improved performances under low light intensity conditions. The 

role of the adsorbent is to improve the adsorption of contaminants, result in 

competitive process of interfacial charge transfer to and from the target organic 

molecules. Due to its high degree of microporosity, graphene has great specific 

surface area and will act as an adsorbent in the photocatalysis. The stability of 

graphene/TiO2 is desired for safe usage and photocatalytic activity. It is therefore 

hypothesized that incorporating novel photocatalyst into cementitious material will 

contribute to wider application of photocatalyst in construction industry with 

following advantages: 
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• Enhanced visible light responsiveness; 

• Strong adsorption of contaminants; 

• Improved photocatalytic performance. 

 

1.4. Methodology 

By optimizing various elementary components and processes, the effective and 

efficient visible light responsive photocatalytic cementitious material will be 

obtained. The following research framework, as shown in Figure 1-2, constructs the 

major steps/research tasks to achieve the described objectives. 

 

Figure 1-2 Research framework for multifunctional visible light active photocatalytic 

cementitious materials 

In the first part, the effects of incorporating TiO2 on microstructures of cementitious 

materials is investigated. In addition, self-cleaning activity and superhydrophilicity 

of TiO2-based cementitious materials are assessed. For this reason, the photocatalytic 

activity of TiO2 based cementitious materials for anti-bacterial application is also 

evaluated. It is hypothesized that cementitious materials containing TiO2 

nanoparticles might affect bacterial initial attachment and growth. Hence, the 
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presence of TiO2 catalyst can potentially suppress biofilm formation on cement-based 

surface. Overall, this work can help establish a clear link between the nanostructure 

of TiO2, microstructure of TiO2-based cementitious composites and its photocatalytic 

performance.  

Second part will focus an experimental study to synthesis the visible light activated 

graphene based TiO2 nanoparticle composites will be carried out. Commercially 

available GO and TiO2 powders from different sources will be used to simplify 

synthesis processes. This study consists of three consecutive steps. First step is a 

screening test. In this test, the photocatalytic performance of different commercial 

TiO2 nanoparticles will be evaluated. The commercial TiO2 product that performs the 

best will be selected for synthesis process. Secondly, the visible light activated 

graphene/TiO2 nanoparticle will be synthesized by a simple mixing process. By 

tailoring the synthesis conditions, their photocatalytic activity under visible light 

illumination will be optimized. Lastly, the physical-chemical characterization of 

synthesized photocatalyst will be conducted. Optical property, specific surface area, 

morphology and surface of the photocatalyst will also be observed. 

The third part aims to investigate the photocatalytic efficiency of GO-TiO2 

nanocomposites intermixing with cementitious materials. The factors governing the 

photocatalytic performance will also be evaluated. The critical parameters for 

dispersing the TiO2 particle into cementitious coating will be studied. Furthermore, 

the procedure for good dispersion of the TiO2 into cementitious materials in order to 

improve their photocatalytic performance will be developed. This section reports a 

study of antibacterial effect of cement-based surface mixed with TiO2-based 

composite under visible light irradiation. Cement-based samples mixed with different 

TiO2 type such as GO-P25, Krono, and P25 will be used for Escherichia coli 

inactivation. 

The last part will incorporate TiO2 photocatalyst into lightweight ECC materials. This 

work aims to develop the photocatalytic lightweight engineered cementitious 

composites (PL-ECC) for antibacterial application. The influence of addition of TiO2 

and different lightweight material on mechanical properties and antibacterial of 

Escherichia coli (E. coli) was investigated 
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1.5. Layout of report 

This report comprises 7 chapters. Chapter 1 provides a brief introduction of the 

research background of photocatalytic cementitious materials and motivation of this 

study. From a review of current trend and research need on the photocatalytic 

cementitious materials, objectives and methodology of this work are established. In 

chapter 2, a literature review on photocatalytic cementitious materials is carried out, 

which covers related topics such as the basic mechanism of photocatalysis, the 

applications of photocatalytic cementitious materials and the influence of 

incorporating photocatalyst into cement mixture on the microstructure of 

cementitious materials. The results of this work are presented in chapters 3 to 6. 

Chapter 3 presents the effect of TiO2 nanostructures on photocatalytic performances 

in the context of self-cleaning and anti-bacterial application. Graphene-based TiO2 

nanocomposites for enhanced visible light degradation of organic dye and 

antibacterial effect of Escherichia coli is evaluated in chapter 4. Chapter 5 

investigates antibacterial potential of cementitious materials containing GO-TiO2 

composites for self-sterilization surface. In the chapter 6, the lightweight Engineered 

Cementitious Composite for antibacterial application is studied. Finally, in chapter 7, 

results of the current research work are summarized and the recommendation for 

future work is presented.  
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Chapter 2. Photocatalytic cementitious material for eco-efficient 

construction – a literature review 

2.1. Overview 

This chapter presents a systematic review of the cementitious composite materials 

containing TiO2 photocatalyst. The review aims to present the key findings in 

photocatalytic cement-based composite materials and identify the areas in which 

future improvement is needed. This literature review will focus on the basic 

mechanism of photocatalysis, the applications of photocatalytic cementitious 

materials and the influence of incorporating photocatalyst into cementitious 

materials. The efficiency of photocatalytic cementitious materials and the current 

drawback will also be discussed. 

2.2. Principles of photocatalysis 

Photoinduced processes governed by light activated TiO2 have been studied in 

various ways. Photovoltaic, photocatalysis and photoinduced super hydrophilicity are 

the examples of photoinduced processes on TiO2. Although these processes could be 

utilized for many applications, these processes originate from similar mechanism as 

shown in Figure 2-1. Semiconductors can absorb the light with energy greater than 

their bandgap and generate an electron-hole pair. The generated electron-hole pairs 

can be utilized for creating electric power (photovoltaic process), promoting chemical 

reaction (photocatalysis process) or altering its surface properties (super-

hydrophilicity) (Carp et al., 2004). The use of TiO2 for facilitating the photocatalytic 

reaction has been started about decades ago and getting more importance nowadays 

indicated by huge number of publications (Cassar, 2004, Fujishima and Honda, 1972, 

Kubacka et al., 2014, Maury and De Belie, 2010, Murata et al., 1999). One of the 

most active areas in the development of photocatalysis technologies is their 

application for photodegradation of pollutants. 
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2.2.1. Semiconductor photocatalysis 

In semiconductor, the valence band and the conduction band are separated by a 

bandgap ∆E, a region devoid of energy in a perfect crystal as shown in enlarge section 

of Figure 2-2. The highest energy band containing electrons is called the valence band 

(VB); the lowest empty band is called the conduction band (CB) (Miessler et al., 

2014). The energy difference between the highest occupied band (the valence band) 

and the lowest unoccupied band (the conduction band) is called the bandgap, ΔE. By 

absorbing a photon energy equal to or greater than the band gap, ΔE, of the 

semiconductor, an electron is excited from the valence band into the conduction band , 

leaving behind a hole in the valence band (step 1), as shown in enlarged section of 

Figure 2-2 (Hoffmann et al., 1995). The created electron-hole pair has a sufficient 

lifetime, in the nanosecond regime, to undergo charge transfer to adsorbed species on 

the semiconductor surface (Linsebigler et al., 1995). In the absence of the adsorbate, 

the excited electrons at the conduction band and holes at the valence band can 

recombine (step 2) and dissipate the input energy as heat. 

If suitable electron-hole scavengers or surface defect state is available to trap the 

electron or hole, recombination is prevented and subsequent redox transfer may occur 

(Hoffmann et al., 1995). Photogenerated holes can be utilized to oxidize substrates at 

the semiconductor surface, as illustrated in step 3 of Figure 2-2 (Kamat, 1993). The 

holes trapped at the TiO2 surface can react with OH- to generate OH• radicals. The 

generated OH• radicals and holes itself are a powerful oxidant. This powerful oxidant 

can degrade most of organic pollutant completely into harmless final product (e.g. 

CO2 and H2O), as shown in step 5. In addition, the photoexcited electrons can react 

with electron acceptors adsorbed on the semiconductor surface (step 4). The 

reduction power of electrons can induce the reduction of molecular oxygen (O2) to 

form the superoxide anion (O2
-). It has been confirmed that the superoxide is almost 

effective as holes and hydroxyl radicals in the chain reactions for breaking down the 

organic compounds. 
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Figure 2-2: Primary steps in photocatalytic mechanisms (Hoffmann et al., 1995, Linsebigler 

et al., 1995) 

Initiating an oxidation and reduction process at semiconductor surface is the principle 

of photodegradation (Kamat, 1993). Most organic photodegradation reactions utilize 

the oxidizing power of the holes either directly or indirectly (Hoffmann et al., 1995). 

During these processes, semiconductor remains intact and the charge transfer to the 

adsorbed species is continuous (Linsebigler et al., 1995).  However, to prevent a 

build-up of charge, a reducible species should be provided to react with the electrons. 

In this system, photo-induced molecular transformations or reactions take place at the 

surface of a catalyst. The relevant photocatalytic processes may occur either at the 

air-solid-interface or at the liquid–solid interface. Therefore, if the species are pre-

adsorbed on the surface, the electron transfer processes could be more efficient. 

2.2.2. Bandgap and band-edge position 

As the recombination is obviously destructive process for photocatalytic reaction, the 

efficiency of photocatalysis greatly relies on the competition between the electron 

transfer processes and recombination process  (Mills and Le Hunte, 1997). The ability 

of semiconductor to undergo photoinduced electron transfer to the adsorbed species 

is governed by the band energy levels of the semiconductor and the redox potential 

of the adsorbed species (Linsebigler et al., 1995). The band energy levels of the 

semiconductor and redox potential of the adsorbed molecule influence the 

photocatalytic process by controlling the charge transfer process of such surface 

photochemical reactions (Kamat, 1993, Simonsen, 2014). For that reason, knowing 
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the band edge positions of semiconductors and redox potential of the adsorbate is 

useful for indicating the thermodynamic limitations for the photoreactions that can 

be carried out with the charge carriers (Hagfeldt and Gratzel, 1995). 

The band energy positions of several semiconductors is illustrated in Figure 2-3 

(Mills and Le Hunte, 1997).  In order to photo-reduce a chemical/adsorbed species, 

the conduction band position of the semiconductor has to be positioned above the 

relevant reduction level of the chemical species. In order to photo-oxidize a chemical 

species, the valence band position of the semiconductor has to be positioned below 

the relevant oxidation level of the chemical species. 

As illustrated in Figure 2-3, the bandgap of several semiconductor materials is in the 

range of 2.2 – 3.2 eV, corresponding to wavelength range from 564 to 388 nm. In 

photocatalysis, visible light photoactivation (>400 nm) is preferred by choosing low 

bandgap semiconductors. However, scientific investigations showed that the low 

bandgap semiconductors are subject to photocorrosion (oxidation of semiconductor) 

that results in loss of activity after period of time (Simonsen, 2014).  In contrast, TiO2 

has been found to be chemically stable and resistant to photocorrosion and yet  highly 

photoactive (Evans et al., 2013, Mills and Le Hunte, 1997).  

 

Figure 2-3: Valence and conductance band positions for various semiconductors and 

relevant redox couples at pH 0 (Simonsen, 2014) 
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2.2.3. TiO2 based photocatalyst 

TiO2 naturally occurs in three different types of crystal structure: anatase, rutile, and 

brookite (Kirk et al., 1991). Two of them, anatase and rutile are commonly used in 

photocatalysis. As shown in Figure 2-3, the bandgap of anatase is 3.2 eV, while the 

bandgap energy for rutile is 3.0 eV, which is 0.2 eV narrower than anatase. Lower 

bandgap materials, rutile, should be preferred as it could absorb photon with smaller 

energy for photoactivation. However, in the literature, anatase shows higher 

photocatalytic activity than rutile under UV light irradiation. This is due to more 

negative conduction band position of anatase than that of rutile (Figure 2-3), resulting 

in more reactive species formed (Carp et al., 2004). 

The scientific concept of TiO2 photocatalysis was introduced by Fujishima and 

Honda (1972). They discovered the photocatalytic water splitting in photo-

electrochemical cell. Using TiO2 electrodes in a photo-electrochemical cell, water 

could be dissociated into its constituent parts, hydrogen and oxygen gases, under 

ultraviolet (UV) illumination. This discovery triggered much research in 

understanding the fundamental mechanism and in improving the efficiency of TiO2 

photocatalyst. In recent years, one of the most active areas in the development of 

photocatalysis technologies is their application for environmental clean-up. However, 

due to wide bandgap of the TiO2 material, pristine TiO2 photocatalyst can only be 

activated by UV irradiation (Agrios and Pichat, 2005, Fujishima et al., 2008, 

Linsebigler et al., 1995). Whilst it can use natural sunlight-UV irradiation, sunlight 

only contain a small amount of UV photon that can be used to carry out reactions at 

the TiO2 surface. Therefore, one of the main challenges in improving the performance 

of TiO2 photocatalyst is to extend their optical response from UV to visible region. 

Improving the optical-response and photocatalytic performance of TiO2 in the visible 

light region can be achieved by doping or sensitization as shown in Figure 2-4 

(Xiaobo and Mao, 2007). Doping is a kind of bulk chemical modification to alter the 

chemical composition of TiO2 but maintain the integrity of TiO2 crystal structure. 

This technique substitutes the metal (titanium) or the non-metal (oxygen) component 

in order to alter the optical properties of TiO2 nanomaterials. Figure 2-4(b) shows an 

example of metal doped, V-doped TiO2 (Umebayashi et al., 2002). A red shift in the 
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band gap transition was induced by the metal doping of TiO2. The bandgap of V-

doped TiO2 is lower than pristine TiO2. It can be photoactivated by visible light 

irradiation. Visible light absorption of V-doped TiO2 was due to the transition 

between valence band and V t2g level. 

 

Figure 2-4: (a) Bandgap of pristine TiO2, (b) Improving TiO2 optical response by doping 

method to lower down the bandgap, and (c) Improving TiO2 activity by sensitizer 

An alternative technique is photosensitization, a photochemical process by which a 

chemical reaction is induced by energy transfer from the light-absorbing sensitizer 

(Braslavsky, 2007). As shown in Figure 2-4(c), charge transfer from the excited 

sensitizer to conduction band of TiO2 is a key step in these processes. The match of 

energy difference between the oxidation potential of the excited sensitizer and 

conduction band of the TiO2 acts as the driving force for the charge injection process 

(Vinodgopal et al., 1995). The sensitizer for TiO2 materials can be any materials with 

lower bandgap, including semiconductors, metals, and organic dyes. 

2.2.4. Graphene-based TiO2 composite  

As mentioned earlier, TiO2 exhibits multiple advantages in its application for 

photocatalysis. However, the wide bandgaps of pristine TiO2 hinder its full potential 

for many applications (Agrios and Pichat, 2005, Linsebigler et al., 1995). The 

bandgap of TiO2 lies in the UV region which is only 3-5% of the sunlight energy. 

Therefore, one of the main challenges in improving the performance of TiO 2 

photocatalyst is to extend their optical response from the UV to the visible region. 

Surface modifications of TiO2 with carbonaceous materials such as graphene oxide 

(GO) have received a great attention due to its excellent photocatalytic performance 

in the visible light (Cruz-Ortiz et al., 2017, Lettmann et al., 2001, Morales-Torres et 



15 

 

al., 2012, Rastogi and Vaish, 2016). Under visible light irradiation, graphene acts as 

sensitizers to absorb photon (Chen et al., 2010, Du et al., 2011). Following 

absorption, the excited graphene injects electrons into the conduction band of TiO2. 

Subsequently, the electron is transferred to oxygen adsorbed on the semiconductor 

surface producing superoxide anion (O2
-) which can facilitate the degradation of 

organic components. On the other hand, the enhancement of adsorption capacity also 

contributes to the increase of photocatalytic activity (Nguyen-Phan et al., 2011, 

Zhang et al., 2010a). In general, the adsorption capability could be enhanced by 

increasing GO content. However, the excessive GO content could hinder the 

adsorption of oxygen on the surface of active site. As a result, in the absence of 

oxygen, the injected electron at conduction band of TiO2 could recombine, potentially 

leading to significant decrease of photocatalytic activity. Hence, it is suggested that 

there should be an optimum amount of GO in the GO-TiO2 nanocomposite materials 

for the efficiency of photodegradation process (Liu et al., 2014, Pastrana-Martínez et 

al., 2012, Wang and Zhang, 2011). 

There is different methods to prepare graphene-based TiO2 composites, such as 

simple mixing and sonication (Guo et al., 2011, Zhang and Pan, 2011), sol-gel 

technique (Ahmadi et al., 2018, Li et al., 2013, Xia et al., 2018), hydrothermal (Li et 

al., 2014, Wang and Zhang, 2011, Zhang et al., 2010a), and solvothermal synthesis 

(Ding et al., 2011, Fan et al., 2011). As the simplest route, mixing and sonication is 

very common method for preparing the composites. However, due to its simplicity, 

it is not expected to have chemical bonding. As a result, the interaction between the 

particles in the composites is weak. Stronger bond generated from chemical 

interaction between GO and TiO2 can be obtained by sol-gel method and 

hydrothermal/solvothermal synthesis. The sol-gel technique can be considered as the 

most widely used method for the preparation of GO-TiO2 composites. However, it 

has a number of disadvantage such as quite substrate dependent, costly materials, and 

time consuming due to slow process of gel formation (Mackenzie, 1988). The last 

two techniques are the method of producing chemical compounds under controlled 

temperature and pressure. While hydrothermal usually use aqueous solution as 

precursor, the solvothermal use non-aqueous precursor. The need of expensive 

autoclaves is one of the main disadvantages of these methods. 
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2.3. Photocatalytic cementitious materials 

In building industry, extensive work is underway to develop innovative construction 

material containing TiO2 photocatalyst. Photocatalysis technologies make the 

production of construction materials with advanced functions such as self-cleaning, 

air purifying and self-sterilizing surface feasible (Zhu et al., 2004). Applications 

include self-cleaning building façade, photocatalytic concrete roads for depolluting 

of air and anti-bacterial tiles for hospital building interior (Fujishima and Zhang, 

2006). Moreover, the applications of photocatalytic construction materials on 

buildings envelopes, road facilities and tunneling could be beneficial to alleviate the 

level of environmental pollution. Finally, it can further contribute to control the urban 

heat island effect in densely populated cities. 

For example, the “smog-eating” facade of Manuel Gea Gonzáles Hospital in Mexico 

was made from white-cement containing TiO2 photocatalyst to counteract the 

pollution from thousand automobiles per day. In Bergamo Italy, the photocatalytic 

concrete blocks has been used for renovating the heavy traffic street, claiming almost 

40% of NOx abatement (Ohama and Van Gemert, 2011). In the case of indoor 

environment, the treatment of city tunnel wall in Rome with photocatalytic paint 

potentially reduce the NOx pollutants up to 20% under artificial UV light illumination 

(Guerrini, 2012). The current commercial technologies, such as TX Active® and 

TioCem® photocatalytic cement containing TiO2 particles can effectively remove 

various pollutants, including NOX, SOX, NH3, CO, and volatile organic compounds, 

by exposing the cement to outdoor UV light. 

2.3.1. Air purifying cement-based materials 

The application of photocatalytic cementitious materials for air purification purpose 

has recently received considerable attention because of its potential for controlling 

pollutant in the urban areas. Photocatalytic cementitious materials have the capability 

of destroying airborne pollutants emitted by automobiles such as nitrogen oxides 

(NOx) and volatile organic compounds (VOCs). Murata et al. (1999) have pioneered 

the development of photocatalytic cementitious materials for air purification. The 

works demonstrated that the cementitious materials containing TiO2 particles can be 
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used as a measure for NOx pollution control. In 2013, German based company, 

Elegant Embellishment, developed customized photocatalytic building facade for 

Hospital Manuel Gea Gonzáles in Mexico. According to the studies, the facade is 

capable of decomposing the contaminant and neutralizing the pollution of 1000 cars 

per day. 

The basic advantage of using photocatalytic cementitious materials as building facade 

or concrete pavement is the availability of sunlight and rainwater for photoactivation 

and regeneration (Murata et al., 1999). Furthermore, the systems installed close to 

emission source react with the pollutants under higher concentration. As observed by 

Strini et al. (2005) and Guo et al. (2017), the photocatalytic activities were linearly 

dependent on the concentration of air pollutant and irradiance. Therefore, the strategy 

to immobilize TiO2 photocatalyst into cementitious materials is attractive for these 

air-purification systems (Lee et al., 2014, Martinez et al., 2014b, Pérez-Nicolás et al., 

2015, Poon and Cheung, 2007, Ramirez et al., 2010, Sugrañez et al., 2013). 

The mechanism of photocatalytic oxidation of NOx at steady state is illustrated in 

Figure 2-5 (Devahasdin et al., 2003). The generated OH• radicals are presumed to be 

the key oxidant in the reactions. At the nitrogen dioxide (NO2) stage, part of the gas 

may escape from the photocatalyst surface (Fujishima et al., 2008). Nevertheless,  

cement matrix possess an inherent ability to bind NO2 (Lee et al., 2014). Therefore, 

use of cementitious materials as catalyst supporting media may effectively trap the 

NO2 gas. 

 

Figure 2-5: Mechanism of photocatalytic oxidation of NOx at steady state under UV 

irradiation 
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To assess the air-purification performance of photocatalytic materials, there are five 

published ISO methods (ISO 22197 series) nowadays. According to that, nitric oxide, 

acetaldehyde, toluene, formaldehyde and methyl mercaptan are commonly used as 

model air pollutants. These pollutants are well recognized pollutants found in indoor 

and outside air (Mills et al., 2012). However, the current standard test methods do not 

consider the surface properties of cementitious materials such as porosity, 

heterogeneity, time-dependent variability, and environment-dependent variability 

(Jayapalan et al., 2015). Since the photocatalytic reactions take place at the surface 

of photocatalyst, the surface properties of cementitious materials are expected to 

influence their photocatalytic efficiencies. 

For decomposition of gaseous pollutants, the photocatalytic reaction rate is 

influenced by numerous environmental-related parameters, such as temperature, 

humidity, wind speed, and light intensity. Light (wavelength and intensity) that can 

provide enough energy for photoactivation is one essential factor determining the 

reaction rate. The reaction rate increase with increasing light intensity, as shown in 

the following equation (Hoffmann et al., 1995): 

𝑟 =   𝑘 𝛤 𝐼𝛼                     (1) 

where r is the rate of reaction, k is the rate constant, Γ is the catalyst concentration 

per unit area, and I is the light intensity. Humidity significantly influence the 

formation of active species since water molecular adsorbed on the surface can react 

with generated hole to form hydroxyl groups which in turn oxidizes pollutants  

(Ibusuki and Takeuchi, 1986). In the absence of water vapor, the photocatalytic 

reaction can seriously retarded. However, excessive water vapor on the surface could 

inhibits the reaction due to the competition between contaminant and water molecules 

for adsorption sites on the photocatalyst, thus reducing its performance (Obee and 

Hay, 1997). In the most of study, the reaction was operated at room temperature 

around 23±2 °C by using cooling system in the test chamber to eliminate heat 

generated from the lamp (Mills et al., 2012). The effect of increasing temperature is 

mainly to improve the photocatalytic reaction rate (Fu et al., 1996, Obee and Hay, 

1997). In addition, the good contact between pollutants and active surface is 
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important for effective photocatalytic reaction. Hence, wind speed and its direction, 

street layout, and pollution source were another essential factors for photocatalytic 

reaction (Boonen et al., 2015, Boonen and Beeldens, 2013, Yu et al., 2018). 

2.3.2. Self-cleaning cementitious materials 

Prolonged exposure to various atmospheric pollutants also leads to the discoloration 

of cementitious materials. (Maury and De Belie, 2010, Ohama and Van Gemert, 

2011). Due to this discoloration effect, the aesthetic of buildings, monuments, and 

other infrastructure exposed to outdoor environments are gradually lost with time.  

Besides the visible discoloration, the contamination of cement-based surfaces by 

airborne particles like algae and fungi can have destructive effect on structural 

integrity (Giannantonio et al., 2009, Gu et al., 1998). The key role of microorganism 

in the deterioration of cementitious materials has been linked to the generation of 

biogenic acids (i.e. sulfuric acid and nitrifying acid) (Parker, 1945). These substances 

cause dissolution of calcium hydroxide (CH) and other calcium containing minerals 

from concrete matrix. As a result, buildings should be repaired regularly to maintain 

a good appearance and prevent concrete deterioration. 

Biocides treatments are common methods for preventing biodeterioration of 

cementitious materials. However, it has not been well accepted due to durability 

issues and its toxicity. Research found that the use of photocatalytic cementitious 

material was more effective for controlling biodeterioration processes than the 

conventional biocides (Fonseca et al., 2010). Early development of cementitious 

materials containing TiO2 photocatalyst has been carried out primarily to enhance 

aesthetic durability of cementitious materials, especially those based on white cement 

(Maury and De Belie, 2010). Research work has successfully demonstrated that self-

cleaning technique can be applied to various construction materials such as glass and 

cement-based materials like concrete and mortar (Cassar, 2004).  

Apart from its function to decompose organic contaminant through photocatalysis 

process, TiO2 has another unique photo-induced phenomenon to alter the wettability 

of its surface. The latter effect is often termed ‘super hydrophilicity’. The first 

phenomenon, photocatalysis process, has been studied extensively for decades while 
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the second one, super hydrophilicity, is more recently discovered. The ability of 

photocatalyst-based coating to improve the wettability upon illumination highly 

influences the efficiency of self-cleaning activity (Mills et al., 2012). In this case, 

after generation of electron-hole pairs, the photoexcited electrons could react with the 

Ti4+ cations to form the Ti3+, as shown in Figure 2-6. Meanwhile, the holes could 

oxidize the O2- anions to form the molecular oxygen. Then, the oxygen atoms are 

released, creating oxygen vacancies. The oxygen vacancies could be then occupied 

by water molecules, forming layer of chemisorbed OH groups which tend to make 

the surface hydrophilic (Fujishima et al., 2000). In the super-hydrophilic surface, the 

close contact between surface and adsorbed contaminant could be prevented (Guan, 

2005). Hence, even though the number of incident photons may be insufficient to 

decompose the dirt and other impurities, the surface is maintained clean when water 

flow is supplied (Fujishima et al., 2008).  

 

Figure 2-6: Mechanism of photoinduced hydrophilicity on TiO2 cement surface under UV 

irradiation and rainfall  (Fujishima et al., 2000) 

 

The efficiencies of self-cleaning effect lies on the synergy between photocatalysis 

and photoinduced super hydrophilicity (Fujishima et al., 2000). International standard 

methods already exist nowadays to determine the efficiency of self-cleaning surface 

and further can be used by manufacturer to ensure the quality and reliability of their 

products (Banerjee et al., 2015). Measurement of water contact angle (ISO 27448: 

2009) and organic dye decomposition (ISO 10678:2010) are commonly used test 
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method to evaluate self-cleaning activity of photocatalytic surface. The former 

method is used to measure the water contact angle under UV illumination. The latter 

method is used to evaluate the photocatalytic processes by degradation of the dye 

molecule in aqueous solution under UV illumination. 

TiO2 photocatalysis produce a more pronounced effect on smooth surface such as 

glass and ceramic tiles than in cementitious materials surface (Ohama and Van 

Gemert, 2011). The effect on cement-based surfaces is limited due to their relatively 

high roughness, porosity and permeability. Nevertheless, through the synergetic 

effect of photodecomposition and super hydrophilicity, self-cleaning effect of 

photocatalytic cementitious materials is still promising. Therefore, the best practice 

of self-cleaning cementitious materials is for outdoor application due to the 

availability of sunlight and rainfall to maintain the self-cleaning effect continuously 

(Fujishima and Zhang, 2006, Kazuhito et al., 2005, Murata et al., 1999). 

2.3.3. Self-sterilizing cement-based coated surfaces 

The researchers have shown that photocatalysis reaction induced by light-activated 

TiO2 is significantly effective in destructing the pathogenic microorganisms (Carre 

et al., 2014, Foster et al., 2011, Huang et al., 2000, Kiwi and Nadtochenko, 2005, 

Kubacka et al., 2014). Escherichia coli, Lactobacillus acidophilus, Salmonella 

enteritis, and Clostridium perfringens are range of test bacteria that have been 

investigated (Mills et al., 2012). The basic photocatalytic disinfection mechanism is 

mainly caused by an initial attack on the bacteria cell wall. Carre et al. (2014) revealed 

dual effects of superoxide anions (O2
-) on lipid peroxidation that could enhance 

membrane fluidity and disrupt cell integrity. After eliminating the cell wall 

protection, the oxidative damage takes place on the plasma membrane of the bacteria, 

resulting in subsequent rapid death of cell. It was also found that, the cell exposed to 

TiO2-UV treatment exhibits rapid cell inactivation at the signalling stages, which 

affects a restricted set of respiratory components (Kubacka et al., 2014).  

Furthermore, the cell exposed to TiO2-UV treatment exhibit rapid cell inactivation at 

the signalling stages, which affects a restricted set of respiratory components 

(Kubacka et al., 2014). It was possible that superoxide anions (O2
-) might inhibit the 



22 

 

bacterial respiration process. For example, Shewanella oneidensis used the 

cytochromes MtrA, MtrB, MtrC and OmcA for electron transfer (Lower et al., 2009, 

Reardon et al., 2010, Wang et al., 2008). By the cytochromes, the bacteria were able 

to transfer the electron from intracellular region to extracellular space and have the 

redox reaction in the outer membrane or extracellular space, known as one of the 

important steps in bacteria (Jani et al., 2010). However, the superoxide anions (O2-) 

were highly active, which might further affect the cytochromes stability and/or inhibit 

the normal redox process in bacterial respiration. 

Bacteria were ubiquitous and they formed the biofilms after attaching on the 

cementitious materials (Flemming and Wingender, 2010). Previous studies have 

reported that the bacteria in the biofilm stage was more tolerant in the harsh 

environment (e.g. temperature fluctuation, antimicrobial agents) compared to the 

bacteria in the free-swimming stage. The bacteria and the biofilms might further 

affect human body and cause serious infection (Wagner and Iglewski, 2008, Yang et 

al., 2008). As a result, the anti-bacterial and anti-biofilm techniques were strongly 

needed in the cementitious materials. One of the emerging techniques was 

immobilization of TiO2 in cementitious materials. 

Immobilization of TiO2 into cementitious materials has led to the development of 

versatile self-sterilizing cement-based surface that are useful for a wide variety of 

application. Self-sterilizing surface is particularly useful for construction of 

microbiologically sensitive place such as healthcare facilities and manufacturing 

facilities that produce microbiologically sensitive product. Previous study 

demonstrated that the photocatalytic cementitious materials could deactivate the 

Escherichia coli under UV irradiation within relatively short time (Giannantonio et 

al., 2009, Guo et al., 2013, Maury-Ramirez et al., 2013, Sikora et al., 2017, Singh et 

al., 2018). The biocidal capabilities of photocatalytic cement-based surface can 

induce microbial death and maintain the surface sterile. However, compared with air-

purification and self-cleaning applications, little research has been carried out to 

investigate the antimicrobial effect of photocatalytic cementitious materials. 
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2.4. Discussion 

2.4.1. Influence of using cementitious materials as catalyst supporting media on 

photocatalytic activity 

As discussed earlier, the immobilization of TiO2 on solid support such as 

cementitious materials greatly enhance its use in practical applications. However, it 

may reduce the photocatalytic efficiency due to the reduction of active surface and 

mass-transfer limitation. For TiO2 immobilized systems, the accessible active-

surface-area is a key element affecting the efficiency of photocatalytic activity. The 

accessible active-surface-area depends on the amount of TiO2 in the hardened cement 

and the pore structure of cementitious materials. The factors controlling the 

accessible active-surface-area should be well understood before developing efficient 

photocatalytic process. 

2.4.1.1. TiO2 dispersion 

The effectiveness of TiO2 dispersion in cement media has a great influence on the 

photocatalytic performance of the resulting products. In conventional dispersion 

method, the TiO2 particles were usually mixed with cementitious materials as dry 

powders by mechanical stirring before adding water. This mixing procedure was 

inclined to strong aggregation of TiO2 particles in cement matrix, resulting in the 

decrease of the available active-surface-area in hardened cement (Folli et al., 2010). 

It was found that the hydrodynamic size of TiO2 nanoparticle dispersed in aqueous 

solution tend to be larger than the primary particle size. Jiang et al. (2009) shows that 

probe-sonication works very well to significantly decrease the hydrodynamic size. In 

the next studies, Yousefi et al. (2013) as well as Krishnan et al. (2013) adopted wet-

mixing procedure in order to suppress the aggregation of TiO2 particles in cement 

matrix. In wet-mixing procedure, the TiO2 particles were first mixed with water using 

probe ultrasonication before adding other materials. The use of ultra-sonication leads 

to uniform distribution of the nanoparticles and enhance the photocatalytic 

performance. 

Regardless of the mixing methods, mixing TiO2 particles with cementitious materials 

may reduce the active surface area due to the encapsulation of photocatalyst particles 
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by hydration products. Consequently, the photocatalytic activity is seriously limited 

and sensitive to ageing processes (Lackhoff et al., 2003). It was observed that 

dispersion of TiO2 into coatings can be considered as an attractive alternative since 

the coating are in direct contact with pollutant and photons and less affected by 

cement hydration (Krishnan et al., 2013, Ramirez et al., 2010). However, the coating 

method might be susceptible to harsh weathering processes. Hence, the selection of 

suitable dispersion method should be adjusted to their intended applications to 

maximize the active surface area. 

2.4.1.2. Pore structure 

The researchers have shown that there is a direct relationship between photocatalytic 

performance and microstructures of cementitious materials (Lucas et al., 2013, 

Sugrañez et al., 2013). Microstructure in this context is defined in terms of pore 

structure (i.e. pore volume, pore size distribution, interconnectivity). The pore 

structure of cementitious material is one of the important factors to determine the 

surface area accessible for photocatalytic process. Generally, increasing total porosity 

could enhance the photocatalytic performance due to the increase of accessible 

active-surface-area. Besides, high porosity is advantageous to the TiO2 particles 

retention after weathering process (Ramirez et al., 2010). 

The structure of porosity also determines the rates of intrusion, the rate of pollutant 

accessing the mass of concrete. Insufficient porosity for adsorption of contaminant 

may lead to negligible effect of photocatalytic activity (Rachel et al., 2002). Hence, 

high porosity is favorable for pollutant accessing the internal structure of concrete 

(Poon and Cheung, 2007). However, in some study, high porosity caused the decrease 

of photoactivity because the rate of contamination is higher than the rate of 

decontamination (Gallus et al., 2015, Maury-Ramirez et al., 2013). 

In the long term, the microstructure of cementitious materials changes with age due 

to surface carbonation. Carbonation of cementitious materials is the irreversible 

chemical reaction which transforms hydration product, Ca (OH)2, to CaCO3 by the 

presence of CO2 in the pore water. Since CaCO3 has different crystal structure and 

higher molar volume, carbonation increases the solid volume of cement paste 
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(Arandigoyen et al., 2006). Thus, it decreases the total porosity and shifts the pore 

size distribution towards smaller diameters. It was found that carbonation also cause  

a little reduction of the specific surface area (Johannesson and Utgenannt, 2001). The 

decrease of porosity and specific surface area could result in the reduction of 

accessible active-surface-area. Furthermore, Dias (2000) investigated that 

carbonation alters the sorptivity of concrete to a lower degree, weakening the 

adsorption of contaminant. Hence, the change of microstructure by surface 

carbonation may lead to the reduction of photocatalytic performance (Jun and Chi-

Sun, 2009, Krishnan et al., 2013, Lackhoff et al., 2003). 

2.4.2. Effect of incorporating TiO2 into cement-based materials 

Understanding the effect of TiO2 incorporation on the behavior of cementitious 

composites is of great importance especially for possible construction applications. 

In the fresh state of the mix, reduction of workability is the main effect induced by 

adding TiO2 materials (Torgal, 2013). Due to their nanometre size, the mix undergoes 

extensive alteration in the rheological behavior. This change is very pronounced and 

must be considered to achieve a targeted workability during construction processes. 

On the other hand, several researchers have studied the influence produced by the 

presence of TiO2 fine particles on the cement hydration and the concrete strength (Bo 

Yeon and Kurtis, 2010, Gutteridge and Dalziel, 1990, Jun and Chi-Sun, 2009, 

Lackhoff et al., 2003, Pérez-Nicolás et al., 2015). The addition of TiO2 fine particles 

generally increases the strength of concrete, which is attributed to the filling effect. 

However, there is no general consensus on the effect of TiO2 fine particles on 

hydration kinetics. Hence, the impact of TiO2 on cement hydration kinetics is still a 

subject of debate. 

Early research work on this effect found that the presence of fine particle enhance the 

degree of hydration of the major cement phase (Gutteridge and Dalziel, 1990). 

Further studies by Lackhoff et al. (2003) as well as Bo Yeon and Kurtis (2010) 

confirms that there were specific interactions between the cement matrix and the 

photocatalysts due to pozzolanic activity of the semiconductors. The addition of TiO2 

particle which has high surface area provides additional nucleation sites for hydration 



26 

 

product formation. TiO2 may react with calcium hydroxide (CH) to form a product 

like calcium silicate hydrates (C-S-H). 

In contrast to research discussed above, Jun and Chi-Sun (2009) observed that the 

incorporation of TiO2 into cement matrices did not influence the amount of hydration 

product. Their results indicated that TiO2 was inert and chemically stable in the 

cement hydration reaction. Their findings suggest that the TiO2 particles act only as 

fillers and did not influence the amount of hydration product. Recent study by Pérez-

Nicolás et al. (2015) found that the addition of TiO2 into iron-rich dark-cement gave 

rise to a heterogeneous matrix, as a result of the TiO2-ferrite interaction. On the other 

hand, it is suggested that the predominant mechanism of incorporating TiO2 into iron-

lean white-cement is physical entrapment, without significant chemical interaction. 

In this latter case, most TiO2 in white-cement matrix remained unaltered and almost 

fully available for the photocatalytic processes. 

2.4.3. Photocatalyst deactivation 

The photocatalyst lifespan is obviously important point for economic reason, as it 

sets optimum run times between catalyst regeneration and replacement (Sauer and 

Ollis, 1996). Performance degradation over time, called photocatalyst deactivation, 

is among the most severe practical problems. The generation of intermediates is one 

of the main causes of photocatalytic deactivation. An incomplete process of 

photocatalytic oxidation produces intermediates that are retained on the surface. 

Intermediate products can occupy the active sites of the catalyst, leading to number 

of problems that include catalyst deactivation. Further catalyst deactivation (and 

regeneration) studies in photocatalysis are necessary to obtain better understanding 

on these processes and establish the process economics of this technology. 

Research work has successfully demonstrated that using more active photocatalyst 

could retard the deactivation process (Méndez-Román and Cardona-Martinez, 1998). 

Choosing the correct photocatalyst for each specific application during 

manufacturing phase determine the overall durability of the final product in the usage 

stage. For example, visible light activated photocatalysts will have much wider light 

absorption range and radically improved performances under low light intensity 
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conditions. Improving performance could, at the same time, delay the deactivation 

processes.  

In the usage phase, controlling relative humidity is of great importance for the 

efficiency of photocatalytic reaction. Water vapor plays a significant role in the 

formation of active species (Ibusuki and Takeuchi, 1986). Water molecular adsorbed 

on the photocatalyst will react with the hole and generate some hydroxyl groups 

which in turn oxidizes pollutants. Ibusuki and Takeuchi (1986) found no conversion 

in the absence of water vapor and the photocatalytic reaction rate increased linearly 

with increasing relative humidity over the range 0-60%, as shown in Figure 2-7(a). 

However, excessive water vapor on the catalyst surface inhibits the photocatalytic 

reaction because the presence of water vapor competes with contaminants for 

adsorption sites on the photocatalyst, thus reducing the performance (Obee and Hay, 

1997). This is called “competitive adsorption” between water vapor and 

contaminants. 

Although the deactivation mechanism of photocatalyst is not clear, it can be supposed 

that it is due to the partial saturation of active sites for adsorption, on the photocatalyst 

surface, with intermediate products. Akhter et al. (2015) demonstrated that placing 

the used catalyst in an oven at 30° C and relative humidity of approximately 40% for 

12 h to evaporate the adsorbed species could recovered more than 90% of the 

catalysts, as shown in Figure 2-7(b). The works found that most of the adsorbed 

species were only adsorbed physically. 

 

 

Figure 2-7: (a) Effect of relative humidity (Ibusuki and Takeuchi, 1986)  and (b) Effect of 

heat treatment (Akhter et al., 2015) 
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2.5. Summary 

In this study, a systematic review of the cementitious composite materials containing 

TiO2 photocatalyst was presented. The immobilization of TiO2 on solid support such 

as cementitious materials greatly enhances its use in practical applications. 

Photocatalytic cementitious materials with diverse functions, such as air-purifying, 

self-cleaning, and anti-bacteria properties could be achieved. In photocatalytic 

cementitious materials, the key element affecting the photocatalytic performance is 

the accessible active-surface-area. However, microstructure of cementitious 

materials changes with age due to hydration and surface carbonation. Hence, surface-

area reduction and mass transfer limitation become the main drawback of 

incorporating TiO2 on cementitious materials. Further study on evaluating anti-

bacterial effect of photocatalytic cementitious materials and using visible-light-

activated-TiO2 in cementitious materials is needed as up to this stage little evidence 

is available on such applications.  

The efficiency of antibacterial and self-cleaning application is influenced by a variety 

of factors, such as crystal structure, surface area, nanoparticles size distribution, 

porosity, relative humidity and dispersion method in cement matrix. By optimizing 

various factors, the efficient antibacterial and self-cleaning cement-based composites 

can be obtained. For example, during the synthesis process of GO-P25, the 

hydrothermal conditions should be optimized to control the particle size, dispersion 

and doping level in GO. The procedure for good dispersion of the TiO2 into 

cementitious materials in order to improve their photocatalytic performance need to 

be investigated. Table 2-1summarize the major step and their specific target in order 

to achieved visible light activated antibacterial and self-cleaning functionalities in the 

TiO2-based cement composites. 
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Table 2-1: The major step and their specific target in order to achieved antibacterial and self-

cleaning functionalities in the TiO2-based cement composites. 

Processes Target  

Synthesis visible light activated 

TiO2 nanoparticle 

- Enhanced visible light responsiveness; 

- Strong adsorption of contaminants. 

Dispersion of nanocomposite in 

cement matrix 

- Optimized the mixing/dispersion method; 

- Prevent serious agglomeration of nanoparticle 

during mixing process. 

Performance evaluation - Efficient antibacterial and self-cleaning under 

lowlight condition; 

- Durable and stable 
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Chapter 3. TiO2-based cementitious composites for self-cleaning 

application: Effect of TiO2 nanostructures on photocatalytic 

performances 

3.1. Overview 

Exterior of building envelopes exposed to outdoor environments is degraded over 

time. The most obvious characteristic of degradation is visible discoloration. Building 

exterior gradually shows green, red, or black stains on the surface (Martinez et al., 

2014a, Maury-Ramirez et al., 2013), for example black and green stains shown in 

Figure 3-1(a). Such degradation of concrete facade is mainly due to accumulation of 

particulate matters or colonization of microorganisms. Particulate airborne pollution 

which is the product of incomplete combustion of fuels engine contain sulphur-based 

gases (Association, 2002). It can combine with moisture to form sulfuric acid. 

Moreover, the contamination of cement-based surfaces by microorganism has been 

linked to the generation of biogenic acids (i.e. sulfuric acid and nitrifying acid). These 

acid substances cause dissolution of calcium hydroxide (CH) and other calcium-

containing minerals from concrete matrix (Gu et al., 1998, Parker, 1945). Finally, it 

may have a destructive effect on structural integrity. As a result, buildings should be 

repaired regularly to maintain a good appearance and prevent concrete deterioration.  

Pressure-washing and soft-washing are common methods for cleaning the exterior 

building to remove dirt, algae, mildew, and other contaminants. Pressure washing use 

high-pressure water to clean (Figure 3-1(b)), whereas soft-washing use low-pressure 

water combined with specialized chemicals (biocides treatment). However, both 

methods do not provide a long-term protection. In addition, pressure washing may 

damage the materials, while soft washing may be not well accepted due to toxic 

issues. Research found that the use of photocatalytic cementitious material  (Figure 

3-1(c)) was more effective for controlling deterioration processes than the 

conventional methods aforementioned (Fonseca et al., 2010).   
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Figure 3-1: (a) Black and green stains appearance in exterior building, (b) pressure washing 

process and (c) comparison of photocatalytic surface (left) and conventional surface (right) 

(Green Millennium, 2018) 

Immobilization of TiO2 into cementitious materials has led to the development of 

versatile cement-based surface that are useful for a wide variety of application. For 

example, TiO2-based cement composite can be applied as exterior building for self-

cleaning surfaces, urban pollution control, and anti-microbial surface (Zhu et al., 

2004, Pérez-Nicolás et al., 2015, Singh et al., 2018, Yang et al., 2017, Sikora et al., 

2017). The ability of photocatalyst-based materials to improve the wettability upon 

illumination highly influences the efficiency of self-cleaning activity (Mills et al., 

2012). Super-hydrophilic surface of TiO2-based cement composite can utilize 

rainwater to wash away a dirt and organic contaminants, maintaining a clean surface. 

TiO2 treatment can also have capabilities to deactivate bacteria under UV irradiation 

within relatively short time, leading to microbial death and maintaining the surface 

sterile (Giannantonio et al., 2009, Guo et al., 2013, Maury-Ramirez et al., 2013, 

Sikora et al., 2017, Singh et al., 2018). However, compared with air-purification and 

self-cleaning applications, little research has been carried out to investigate the 

antimicrobial effect of photocatalytic cementitious materials. 



32 

 

It is also essential to study the contribution of radicals in the photocatalytic reaction. 

After photoexcitation, the electron-hole pairs could react with oxygen and water 

molecules to produce oxidation radicals (Hoffmann et al., 1995, Linsebigler et al., 

1995). One of radicals is hydroxyl radicals which is a highly important species in 

photocatalysis, being often assigned as the reactive oxidation species responsible for 

photocatalytic efficiency (Hirakawa and Nosaka, 2002, Xiang et al., 2011, Xiao and 

Ouyang, 2009). This work presents an experimental study to evaluate the hydroxyl 

radical production by various TiO2 with respect to the TiO2 surface area, morphology, 

optical properties, and band energy gap. Nano and microstructure of TiO2 composite 

might influence the radical formation during photocatalytic reaction and as a result 

affecting over-all performance. 

Overall, this work can help establish a clear link between the nanostructure of TiO2, 

microstructure of TiO2-based cementitious composites and its photocatalytic 

performance. It is hypothesized that cementitious materials containing TiO2 

nanoparticles might affect bacterial initial attachment and growth. Hence, the 

presence of TiO2 catalyst can potentially suppress biofilm formation on cement-based 

surface. In addition, self-cleaning activity and superhydrophilicity of TiO2-based 

cementitious materials are assessed. 

3.2. Methodology 

3.2.1. Materials 

In this study, white cement (Aalborg Portland Malaysia) was used as the cementitious 

materials. Rhodamine B (Sigma-Aldrich, Singapore) was selected to mimic 

particulate air pollution. Escherichia coli K-12 (DSM-498) was used as the model 

bacterium for evaluating anti-bacterial activity. Three type of commercial titanium 

dioxide catalysts were used: Aeroxide P25 (Evonik, Germany), TiO2-anatase and 

TiO2-rutile (Shijiazhuang Kailing, China). Physical and chemical properties of the 

TiO2 are summarized in Table 3-1. Unless otherwise stated, the experiments were 

performed at room temperature (23±2 °C) and 80% humidity. 
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Table 3-1 Characteristics of commercial TiO2   

Characteristic Aeroxide P25 TiO2-Anatase TiO2-rutile 

Crystalline phases (%)a 80 anatase 99 anatase 99 rutile 

 20 rutile   

Specific surface area (m2/g)b 46.892  8.004 10.194 

Average primary particle size (nm)c 20-40 ≥ 100 ≥ 100 

TiO2 content - purity (wt. %)d ≥ 99.5 98 94 

a investigated by XRD analysis 
b measured by N2 adsorption test (BET theory) 
c estimated by SEM images 
d according to manufacturer specifications 

3.2.2. Sample preparation 

The mix proportions used to prepare the sample were listed in Table 3-2. Three 

different TiO2 materials were intermixed into cementitious materials with 5% 

loading. The loading for Aeroxide P25 was also varied - 3%, 5% and 10% by weight 

of the cementitious materials. The water to cement ratio was kept constant at 0.5 for 

all the mixtures. The mixture without any TiO2 was prepared as a control specimen. 

For sample preparation, cementitious material and TiO2 were manually mixed as dry 

powders for 5 min until evenly distributed. Distilled water was then added and 

manually mixed for another 10 min. The mortar specimens were casted in 60 mm 

diameter and 15 mm thickness moulds. Three cement discs were prepared for each 

set. The prepared samples were cured for 28 days at room conditions before tests. 

Table 3-2 Mix proportion (on weight basis of cement) 

Mix No TiO2 type TiO2 loading w/c 

1 - - 

0.5 

2 TiO2-anatase 5% 

3 TiO2-rutile 5% 

4 Aeroxide P25 5% 

5 Aeroxide P25 3% 

6 Aeroxide P25 10% 
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3.2.3. Characterization of TiO2 nanoparticles 

Surface morphologies of different TiO2 nanoparticles were investigated using a field 

emission scanning electron microscopy (FE-SEM, JSM-7600F). The crystallinity of 

pristine TiO2 nanoparticles were analyzed using an x-ray diffractometer (XRD, D8 

Advanced, Bruker) with monochromatized Cu-Kɑ radiation. N2 adsorption-

desorption was used to determine specific surface area of TiO2 nanoparticles by 

Brunauer-Emmett-Teller (BET) theory. Bandgap of commercial TiO2 were estimated 

by means of the diffuse reflectance spectroscopy (DRS, Varian Cary 5000).  

3.2.4. Hydroxyl radical detection 

The bleaching of p-nitrosodimethylaniline (RNO) by TiO2 was investigated. RNO is 

an organic dye molecule and chosen as probe compound for evaluation of several 

oxidative species generated in the photocatalytic process. RNO has a strong yellow 

color in solution. It is used as a spin trap for detection of hydroxyl radicals. It will not 

react with singlet oxygen, superoxide anions and other peroxyl compounds (Cruz-

Ortiz et al., 2017, Simonsen et al., 2010). In a typical procedure, 50 ml aqueous 

solution of RNO (50 μM) and 2.5 mg of the photocatalyst were placed in 100 ml 

Pyrex beaker. The suspension then irradiated with UV/visible light under continuous 

stirring with 160 rpm. Samples were taken at a regular time interval and centrifuged 

to separate the catalyst particles before analysis. The optical absorbance was recorded 

at 440 nm in an UV/visible spectrophotometer. 

3.2.5. Dye degradation test 

Rhodamine B was dissolved in distilled water to a concentration of 0.1 g/L.  A 

circular zone with 2 cm diameter was circumscribed in the centre of a cement sample. 

A 100 µl of RhB solution was applied evenly on the zone using an adjustable 

precision pipette. The RhB contaminated samples were stored under dark conditions 

for 24 h followed by UV/visible light illumination. A 500 W long arc xenon lamp 

was used as the light source for UV/visible light photocatalytic reaction. The intensity 

of illumination on the surface of specimen was measured using a light meter (Lutron 

Digital Instruments). The illuminance on a sample surface perpendicular to the 

direction of source was around 10k lux. A portable spectrophotometer (MiniScan EZ 
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4000S, HunterLab, USA) was used for measuring the colour change during light 

exposure.  

The results were expressed in L*a*b* colour space, as shown in Figure 3-2. In this 

colour space, L* indicates lightness, while a* and b* are chromaticity coordinates: 

+a* is in the red direction, -a* is in the green direction, +b* is in the yellow direction 

and -b* is in the blue direction. Since RhB dye applied to the cement sample was 

predominantly a red coloration, only a* coordinate was considered. During the 

application of RhB on the specimens, variations were observed in the intensity of the 

red colour at the specimens. Therefore, relative colour change ∆C was used to 

evaluate the photocatalytic degradation, using the following equation: 

∆𝐶𝑛 = 
[(+𝑎∗)𝑑𝑛 − (+𝑎∗)0]

[(+𝑎∗)𝑑0 − (+𝑎∗)0]
                             (1) 

where ∆Cn is percentage of colour change at n period of illumination, (+a*)0 is the 

colorimetric coordinate a* on the specimen surface without RhB, (+a*)d0 is the 

colorimetric coordinate a* on the specimen surface with RhB dye but before the 

UV/visible light illumination, and (+a*)dn is the colorimetric coordinate a* on the 

specimen surface applied with RhB at n period of illumination. The sample will be 

considered as photocatalytic if ∆C4 > 20 % and ∆C26 > 50 % (Cassar et al., 2007). 

The long-term photocatalytic surface for RhB degradation was assessed for three 

cycles to simulate continuous process of dirt and staining on the cement-based 

surface. Test duration of each cycle was 26 h as described above and after that, the 

samples were exposed to UV/vis light and dark condition alternately until the colour 

change (∆C) achieve more than 90%. RhB B dye was then reapplied to the specimens 

for the next cycle. 
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Figure 3-2: Self-cleaning result is expressed in L*a*b* color space 

3.2.6. Water contact angle test 

Surface property of TiO2-based cementitious materials can be evaluated by 

measuring water contact angle of the sample after dropping water into its surface. 

Measurement of water contact angle was conducted to study the wettability of cement 

sample surface after UV/visible light treatments. This method is one of the indices 

affecting the level of self-cleaning performance. In this test, minimum 2 cement 

samples were tested with different TiO2 loading. A 3 µl of water was dropped into 

the cement surface in different location. Water contact angle was measured using 

video contact angle system (VCA Optima, AST). 

3.2.7. Anti-bacterial test 

Escherichia coli K-12 (DSM) strain was used as model microorganism for 

photocatalytic disinfection experiments. E. coli was inoculated in a liquid nutrient 

medium (Difco™ LB Broth, Miller (Luria Bertani)) and incubated on a rotary shaker 

for 24 h at 37 °C. Bacteria were collected after incubation and optical density at 600 

nm (OD600) method was used to estimate bacteria concentration. E. coli 

concentration was adjusted by dilution to reach the same initial concentration for all 

groups. The cement samples were firstly sterilized to kill existing bacteria. Afte r 

sterilization process, the samples were irradiated with UV/visible light for 24 h to 

activate the photocatalyst. The light source used was similar to the light source used 

in dye degradation test. A total of 1 ml of E. coli suspension was then applied evenly 

on the cement surfaces using an adjustable precision pipette. The contaminated 
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samples were stored under dark conditions for 30 min. The viable bacteria in each 

sample were grown in LB agar dishes. The infected area and colony forming unit 

were examined after 24-h incubation at 37 °C. Figure 3-3 summarize the experimental 

procedure of anti-bacterial test. 

 

Figure 3-3: Experimental procedure for the surface study on anti-bacterial concrete 

3.3. Result 

3.3.1. Characterization of TiO2 nanoparticles 

The optical properties of various TiO2 were examined using diffuse reflectance 

spectroscopy. Figure 3-4 presents the absorption spectra and bandgap energy 

calculation of Aeroxide P25, TiO2-anatase, and TiO2-rutile. While all the samples 

have a good response under UV light, only TiO2-rutile has a response in visible light. 

It was indicated by higher absorption spectra crossed the visible light threshold. This 

means TiO2-rutile could adsorb a light with smaller energy compared to the other 

materials, suggesting a lower bandgap for TiO2-rutile than TiO2-anatase and 

Aeroxide P25. The bandgap of photocatalyst can then be estimated from absorption 

spectra using Kubelka-Munk model and plotted using Tauc’s relation: 

ɑℎ𝑣 = 𝑐𝑜𝑛𝑠𝑡 (ℎ𝑣 − 𝐸𝑔)𝑟                                (2)     

where hѵ represent the energy of incident photon and the exponent r denotes the 

nature of transition. The Tauc’s plot (ɑhv)1/r versus hѵ has a distinct linear regime 

which indicates the onset of absorption. Linear extrapolation of this regime to energy 

axis at (ɑhv)1/r = 0 yields the bandgap energy of material, Eg. Assuming the value of 
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r is 2 (indirect allowed transition) for TiO2 materials as reference used (Jimenez-

Relinque et al., 2017, Zhang and Pan, 2011), the Tauc’s plot of relationship between 

modified Kubelka-Munk function (ɑhv)1/2 and the energy of incident photon (hѵ) is 

illustrated in Figure 3-4(b). As shown in Figure 3-4(b), TiO2-rutile has the lowest 

bandgap compared to Aeroxide P25 and TiO2-anatase. The bandgap of Aeroxide P25, 

TiO2-anatase and TiO2-rutile is determined to be 3.21 eV, 3.20 eV, and 2.95 eV, 

respectively. Lower bandgap semiconductor, such as TiO2-rutile in this case, should 

be preferred as it could be photoactivated by a smaller photon energy than that of 

higher bandgap semiconductor.  

 

 

Figure 3-4: Optical properties of different TiO2 materials (a) UV/visible absorption 

spectra and (b) Bandgap determination of various TiO2 
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The morphologies of Aeroxide P25, TiO2-anatase, and TiO2-rutile are displayed in 

Figure 3-5(a-c). The particles show a spherical shape with a strong tendency to be 

clustered together, forming larger-size particles. As illustrated in Figure 3-5, in this 

dry state/powder form, Aeroxide P25 particles form agglomeration; whereas TiO2-

anatase and TiO2-rutile particles form aggregation. According to ISO 14887, 

agglomeration is used to describe assemblage of particles which are loosely attached 

to each other at their corners or edges while aggregation is used to describe 

assemblage of particles that are rigidly joined together, as by partial fusion, sintering 

or by growing together (Nichols et al., 2002). It is essential to know whether the 

particles are in agglomerated or aggregated state (Jiang et al., 2009, Yousefi et al., 

2013) to understand the configuration of particles in the dry and wet state (Figure 

3-5(d)).  It was suggested that the agglomeration of Aeroxide P25 nanoparticles is 

due to due to a weak van der Waals bond between primary particles (Jiang et al., 

2009). Meanwhile, the aggregation of TiO2-anatase and TiO2-rutile was suggested 

due to a strong bond between primary particles as a result of sintering.  

As it can be seen, the primary particle size of Aeroxide P25 is about 20-40 nm in 

diameter, while the primary particle size of TiO2-anatase and TiO2-rutile is in the 

range of hundreds nanometer. These results were in accordance with BET specific 

surface area (SSA) results listed in Table 3-1. SSA of Aeroxide P25 is 4-6 times 

greater than TiO2-anatase and TiO2-rutile. Aeroxide P25 offers higher number of 

active site available for photocatalysis due to its smaller particle size and higher SSA. 

Further, the contribution of hydroxyl radical production by various TiO2 in the 

photocatalytic process was examined with respect to the TiO2 surface and optical 

properties. 
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Figure 3-5: Secondary electron images of different TiO2 nanoparticles (a) Aeroxide P25, (b) 

TiO2-anatase, (c) TiO2-rutile and (d) Various configuration of nanoparticles in the dry and 

wet state (Jiang et al., 2009) 

Hydroxyl radical generation during UV/visible light illumination in the presence of 

various TiO2 was detected by means of RNO degradation/bleaching. RNO bleaching 

can be investigated from the changes of absorption spectra recorded at a regular time 

interval. Absorption spectra in Figure 3-6 shows the photobleaching of RNO when 

irradiated in aqueous TiO2-P25 suspension. Upon irradiation, a great decrease of peak 

intensity at 440nm was observed and it finally disappears after 60 min light 

irradiation. It was suggested that the hydroxyl radicals generated reacts with 

conjugated π bonds of RNO as shown in Figure 3-6 (Simonsen et al., 2010). 

Considering the band-energy level of P25 and RNO, oxidation of RNO by trapped 

holes or hydroxyl radicals is thermodynamically favorable. The potential of TiO2 

valence band is +2.5 V versus the normal hydrogen electrode (NHE) at pH 7.0, while 

the oxidation potential of RNO is only +0.3 V versus NHE at pH 7.0 (Zang et al., 

1997). This makes the charge transfer process possible, from regions of low potential 

to the regions of high potential. 
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Figure 3-6: Absorption spectra of RNO bleaching in aqueous TiO2-P25 suspension 

Control samples in Figure 3-7(a) indicated that the presence of TiO2 was essential for 

photobleaching of RNO, otherwise, no bleaching was observed. Aeroxide P25 

showed highest OH● production due to its high surface area which provides a large 

number of active sites available for the photocatalytic process. Despite the fact that 

TiO2-rutile has the smallest bandgap and higher SSA than TiO2-anatase, OH●  

generation in the presence of TiO2-rutile was the lowest one. It is not surprising as 

the reaction was thermodynamically not permissible due to band energy level of 

TiO2-rutile (Mills and Le Hunte, 1997). The conduction band of rutile is 0.2V more 

positive than the reduction potential of electron acceptor (H+/H2). As a result, such 

condition inhibits electron transfer process, which in turn increase electron hole 

recombination and diminish photocatalytic activity. 

  

Figure 3-7: (a) Hydroxyl radical detection by means of RNO bleaching and (b) rate of 

hydroxyl radical production 
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Langmuir–Hinshelwood (L–H) mechanism has often been used to model the kinetics 

of photocatalytic activity (Carp et al., 2004, Mills and Le Hunte, 1997), as shown 

below:  

𝑟 = −
𝑑[𝑅𝑁𝑂]

𝑑𝑡
=

𝑘𝑟𝐾𝑒 [𝑅𝑁𝑂]

1 + 𝐾𝑒[𝑅𝑁𝑂]
                       (3) 

as the condition of the experiment was carried out under low concentration of RNO 

(<< 10-3), the equation can be expressed as: 

−ln
[𝑅𝑁𝑂]𝑡

[𝑅𝑁𝑂]0
= 𝑘𝑟𝐾𝑒𝑡 = 𝑘′𝑡                               (4) 

where r is rate of reaction, kr is the apparent reaction rate constant, Ke is the apparent 

equilibrium constant for the RNO to adsorb onto the surface of TiO2, k’ is the overall 

rate constant and t is the reaction time in minutes. Figure 3-7(b) shows ln 

[RNO]t/[RNO]0 has a linear relationship with irradiation time for various TiO2. 

Hence, the hydroxyl radical generated at the sample surface followed first-order 

reaction kinetics. The slope of these lines could represent the rate of hydroxyl radical 

production with k’P25 > > k’anatase > k’rutile. 

3.3.2. Microstructure of cementitious materials 

During mixing process, TiO2 nanoparticles were mixed with cementitious material as 

dry powder before added into an aqueous media. Figure 3-8 displays the 

microstructure of hydrated cement paste without and with TiO2 nanoparticles. 

Relatively smaller TiO2-P25-cluster (Figure 3-8(b)) was observed on the surface of 

the ettringite compared to TiO2-P25 in the dry state. However, aggregation of TiO2 

particles on the cement matrix was still observed for the cement samples with TiO2-

anatase and TiO2-rutile (Figure 3-8 (c-d)). The effect of pH on nanoparticle dispersion 

size could be used as a basis to explain this finding. In DLVO theory of suspension, 

the stability of particle dispersions is determined by the balance of the electrostatic 

repulsion force and attractive forces. In high pH environment during mixing process, 

the agglomeration of TiO2-P25 can be suppressed as the repulsive force in TiO2-P25 

become more dominant than the van der Waals force under strong alkaline condition 

(Jiang et al., 2009). However, such forces are not enough to break the strong bounds 
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between individual particles in aggregated-TiO2. Hence, in the case of TiO2-anatase 

and TiO2-rutile, these TiO2 nanoparticles tend to remain as aggregates or even create 

a larger particle in the hardened cement paste. 

  

  

Figure 3-8: SEM images of hardened cement pastes (a) without TiO2, (b) 5% P25, (c) 5% 

TiO2-anatase, and (d) 5% TiO2-rutile 

Furthermore, the increase of TiO2 concentration in cement matrix could intensify its 

agglomeration/aggregation degree. The inset images in Figure 3-9(a) and Figure 

3-9(b) show TiO2 particle distribution in cement matrix with the increasing TiO2 

loading. TiO2 particles firstly occupied the interlacing network pores of hydration 

products. Further increase of concentration subsequently covered more and more on 

the surface of hydration product, which enlarges TiO2 agglomeration level on 

substrate surface. This finding is consistent with the work by Yang et al. (2017) and 

Zhao et al. (2015). Furthermore, the EDX spectrum and the inset table in Figure 

3-9(a) and Figure 3-9(b) present the elemental identification and quantitative 

compositional information of hardened cement. The spectrum showed the presence 

of Ca, O, Si and a low level of Ti. It was shown that the weight percentage of Ti atom 

(a) (b)
P25 particles         

in cement matrix

(c)

Aggregation of 
TiO2-anatase in 
cement matrix

1 µm

(d)
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(the inset table in Figure 3-9) on cement matrix is generally less than its loading 

concentration. The gap between TiO2 loading and estimated TiO2 content become 

higher with the increasing of TiO2 loading.  

 

 

Figure 3-9: SEM images and EDX spectrum showing a presence of Ca, O, Si, and low level of 

Ti element 

 

3.3.3. Dye degradation test 

In this study, self-cleaning activity of the prepared cement samples was evaluated by 

measuring the degradation of dyes under UV/visible light irradiation. Rhodamine B 
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has been extensively used to evaluate self-cleaning effect in photocatalytic 

cementitious materials for the following reasons. Firstly, the structure of RhB is 

similar to the structure of anthracene, an example of polycyclic aromatic 

hydrocarbons compounds (PAH compounds) (Gustafson and Dickhut, 1997). PAHs 

are example of soiling agents found in urban environments and mainly produced by 

incomplete combustion of organic matter. Secondly, RhB dye is relatively stable in 

alkaline environment of cementitious surface (Ruot et al., 2009). Lastly, RhB dye is 

water-soluble and hence can be spread easily on the surface of cement samples. 

Figure 3-10 show dye degradation efficiencies as the result of the effect of TiO2 type 

and the effect of TiO2 loading. The effect of TiO2 type on RhB degradation (Figure 

3-10(a)) indicate that cement sample mixed with Aeroxide P25 achieved the highest 

degradation of dye compared to TiO2-anatase and TiO2-rutile under the same TiO2-

loading. P25-cement sample is the only TiO2-cement shows degradation of dye larger 

than the photocatalytic limits (∆C4 > 20% and ∆C26 > 50%). In P25-cement sample, 

the degradation of RhB dye generally happens in the first four hours of UV 

illumination. Its performance at 4h and 26h is around ∆C4 = 51.4% and ∆C26 =57.8%, 

respectively. Thus, around 80% of total degradation happens in the first 4h of 

experiment. This finding is consistent with earlier findings suggesting that the 

degradation of dye on treated-samples is rapid and reach its maximum efficiencies 

after four hours of UV exposure (Graziani et al., 2014, Krishnan et al., 2013). The 

result is in accordance with RNO bleaching results in which highest OH● radical 

production was achieved in the presence of Aeroxide P25 as a photocatalyst. 

However, due to aggregation problem on TiO2-anatase cement samples, it reduces 

the active surface available for photocatalytic reaction and then might significantly 

lowering OH● radical production, compared to OH● radical production in TiO2-

anatase suspension system. As a result, TiO2-anatase-cement shows very low 

degradation after 4h of UV exposure similar to control cement and TiO2-rutile-

cement. It is suggested that the improvement of degradation with increasing 

irradiation time for these three samples were due to direct photolysis of the dye. 
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Figure 3-10: Dye degradation efficiencies (a) Effect of TiO2 type and (b) Effect of TiO2 

loading 

The effect of TiO2 content was further studied by varying the Aeroxide P25 content 

- 0%, 3%, 5%, and 10%. As can be seen in Figure 3-10(b), about 3% of Aeroxide P25 

is adequate to achieve minimum photocatalytic performance (∆C4 > 20% and ∆C26 > 

50%). Degradation of RhB obviously improves with the increasing of TiO2 amount 

as it provides more active site for reaction. However, the improvement in dye 

degradation is not linearly proportional to the TiO2 loading (Figure 3-10(b)). It is 

noticed that, unlike the effect of 3% TiO2 loading, RhB degradation improvement is 

not significant with further increase of TiO2 content from 3% to 5% and 5% to 10%. 

Generally, light intensity, surface area, and pore structure of cement paste samples 

highly influence their photocatalytic activity (Zouzelka and Rathousky, 2017, Guo et 

al., 2017, Yang et al., 2017). As previously discussed, increasing TiO2 loading can 

lead to serious agglomeration problem. Such agglomeration/aggregation problem 

control the utilization of TiO2 nanoparticle in cement matrix for photocatalytic 

reaction. 

It is necessary to evaluate the durability and repeatability of photocatalytic activity 

for practical application. As shown in Figure 3-11, in general, Rhodamine B removal 

efficiency of TiO2 cementitious materials gradually decreased after several cycles of 

application. The cycling processes simulated the continuous process of dirt and 

staining on the cement-based surface. For each cycle, TiO2 cementitious materials 

could not fully degrade the applied dye, creating a thicker stain layer on the surface 

with the increase of testing cycle. It is suggested that the remaining dye on the surface 

of samples could block the active sites available for further photocatalysis reaction. 

It has led to a reduction of Rhodamine B removal efficiency after application of 
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several cycles. This assumption is supported by previous studies (Guo et al., 2016, 

Krishnan et al., 2013), which observed that remaining dye blockage is one of the main 

reason for photocatalytic deactivation. 

  

Figure 3-11: Rhodamine B removal efficiencies after three cycles of application 

 

3.3.4. Water contact angle test 

Water contact angle test is one of the methods to evaluate self-cleaning performance. 

Figure 3-12 displays water contact angle on cement surface with various loading of 

Aeroxide P25 - 0%, 5% and 10%. It can be seen that increasing TiO2 loading result 

in the increase of water contact angle and improve the level of hydrophobicity. More 

hydrophobic surface prevents the fast contact and adhesion of pollutant into cement-

based surface. After UV/visible light exposure, the water dropped onto TiO2-based 

surface forms very low contact angle compared to control specimen, as shown in 

Figure 3-12. This effect is assigned to photoinduced super-hydrophilic surface. The 

effect improves with increasing TiO2 loading as the higher TiO2 content generate 

more hydroxyl radicals or trapped holes to facilitate the reaction. Fujishima et al. 

(2000) pointed out that the mechanism of this photoinduced hydrophilic effect 

initiated by similar process as photodegradation, which is generation of electron-hole 

pairs. The generated electron-holes pair could react with the Ti4+ cations and the O2- 

anions to form the Ti3+ and O2, respectively, creating the oxygen vacancies. The 

oxygen vacancies can be then occupied by water molecules, forming layer of 

chemisorbed OH groups. This layer formation is inclined to make the surface 

hydrophilic and avoid the close contact between surface and adsorbed contaminant 

(Guan, 2005). As a result, even though the energy of adsorbed light may be 
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insufficient to decompose the dirt and other impurities, the surface is maintained 

clean when water flow is supplied (Fujishima et al., 2008). 

 

 

Figure 3-12: Water contact angle of cement surface containing 0%, 5%, and 10% TiO2 

 

3.3.5. Antibacterial test 

Application of TiO2-based cementitious materials for exterior building can also be 

utilized as a strategy to prevent biofilm formation on the surface. The presence of 

TiO2 nanoparticles together with plenty of sunshine could inhibit microbial 

contamination on cement-based surface. The preliminary study was conducted to 

evaluate the existence of airborne microbes in different environments. Figure S12 

shows a comparison of microbial growth result after 1-day incubation and 5-day 

incubation in 37 °C for different locations. The result indicated that outdoor 

environment has low concentration of airborne microbes by showing a small number 

of bacteria and fungi. As widely known, UV light from sunlight itself is able to kill 

bacteria, germs, and others microorganism, keeping the outdoor environment 

relatively clean. However, by long-time exposure of exterior buildings to airborne 

microbes, these remaining microbes could attach and colonize on the building 

surface. 
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Anti-microbial activity of cement-based surface containing TiO2 catalyst is examined 

for preventing E. coli colonization. As this study was focused on a strategy to prevent 

the microbial colonization on the exterior building, the specimens were exposed to 

UV/vis light before getting in contact with bacteria. The results of estimated infected 

area on the surface of photocatalytic cementitious composite are presented in Figure 

3-13. Interestingly, a significant anti-bacterial effect was achieved by the sample with 

3% and 5% of Aeroxide P25. It can be seen from Figure 3-13, cement surface 

containing Aeroxide P25 generally displays much less infected area compared with 

control specimen. The bacteria survival was estimated on agar dish after 24-h 

incubation (Figure S13). The center part of agar dish showed visually the bacteria 

grow after 24-h incubation. Bacterial survival was very low after getting in contact 

with cement paste containing 5% TiO2. Furthermore, the contaminated surface 

without light exposure (under dark condition) was conducted as a control to ensure 

that photocatalytic reaction could only start after UV/vis light absorption. In this test, 

with no UV/vis light treatment, E. coli suspension was applied on the surface of 

cement sample with 5% Aeroxide and without TiO2 (control specimen). The result 

shows that both of the cement samples have no anti-bacterial activity (Figure S14).  

 

  

  

Figure 3-13: (a) Microscope used for study, (b) comparison of estimated infected area, (c) 

Control specimen, (d) 3% Aeroxide P25, and (e) 5% Aeroxide P25 

As incorporation of TiO2 with different loading level has some effect on pore 

structure of cementitious composite, the effect of cement pores was evaluated. The 

(c) 

(d) (e) 
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experimental procedure to study the effect of porosity on anti-bacterial activity is 

shown in Figure S15. In the typical procedure, after application of E. coli suspension, 

the bacteria on the surface was cleaned by ethanol 70% and the remaining bacteria in 

the pores was washed by 0.9% NaCl buffer. It was then re-cultured on agar dish and 

incubated for 24 h at 37 °C. The percentage of bacteria survival was calculated using 

the following equation:  

% 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒
𝑥100                       (5) 

As shown in Figure 3-14, in general, the bacteria survival for cement paste containing 

3% and 5% Aeroxide P25 is much lesser than control specimen. 

 

   

Figure 3-14: Anti-bacterial activity test from contribution of cement pores (a) 

Quantification of colony forming unit and (b-d) The viability of E. coli after 24 h incubation 

with control specimen, 3% P25, and 5% P25, respectively 

This result indicates an obvious anti-bacterial activity of TiO2-based surface. The 

TiO2-based substrate might inhibit the initial adhesion of E. coli and as a result reduce 
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bacterial colonization (Davidson et al., 2015, Lorenzetti et al., 2015, Peng et al., 

2013). As discussed earlier, OH● generation in the presence of Aeroxide P25 was the 

highest one. It is suggested that this OH● radicals is responsible for significant cellular 

damages (DNA, RNA, Lipids, Protein) (Daly et al., 2007). Moreover, Carre et al. 

(2014) revealed dual effects of superoxide anions (O2
-) on lipid peroxidation that 

could enhance membrane fluidity and disrupt cell integrity. After eliminating the cell 

wall protection, the oxidative damage takes place on the plasma membrane of the 

bacteria, resulting in subsequent rapid death of cell (Kubacka et al., 2014).  

3.4. Summary 

In this study, nanoscale analysis of different TiO2 materials, microstructure of TiO2-

based cementitious materials, and photocatalytic performance for self-cleaning and 

anti-bacterial application was investigated. Nanoscale analysis demonstrated that  

Aeroxide P25 showed highest OH● production due to its high surface area which 

provide a large number of active sites available for photocatalytic process. Although 

TiO2-rutile has the smallest bandgap, OH● generation in the presence of TiO2-rutile 

was the lowest one. It is not surprising as the reaction was thermodynamically not 

permissible due to band energy level of TiO2-rutile. The structure of TiO2 in the 

nanoscale greatly affect its photocatalytic performance in cement-based application. 

Cement sample containing Aeroxide P25 achieved much higher RhB degradation 

compared to TiO2-anatase and TiO2-rutile with the same loading. The long-term 

performance of RhB degradation was reduced after several cycles of application due 

to the accumulation of intermediates that might block the active sites.  

Addition of TiO2 into cementitious composite make the surface more hydrophilic. As 

a result, the self-cleaning effect would be more significant especially if there is a 

rainwater coming to wash away a remaining dirt or contaminant on the surface. On 

the other hand, the strategy to use TiO2-based cementitious materials for exterior 

building is promising to prevent biofilm formation on the surface. Cement surface 

containing Aeroxide P25 generally displays much less infected area / lower bacteria 

survival compared to control specimen. 
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Since TiO2 is intermixed with cement mechanically, these TiO2 nanoparticles tend to 

agglomerate or aggregate during mixing process, reducing the surface area available 

for photocatalytic process. Hence, exploring another dispersion method to improve 

TiO2 distribution on cement matrix could be beneficial to increase photocatalytic 

efficiencies. Although more research is still needed to improve the efficiency of self-

cleaning and anti-bacterial effect, especially under low light intensity or visible light 

irradiation, the result demonstrated in this work is promising. The use of TiO2 based 

cementitious materials as exterior building could passively maintain a good 

appearance of the building and potentially prevent deterioration of cement/concrete-

based surfaces, resulting in a reduction of maintenance work.  
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Chapter 4. Graphene-based TiO2 nanocomposites for enhanced 

visible light degradation of organic dye and antibacterial effect 

of Escherichia coli 

4.1. Overviews 

Since Fujishima and Honda (1972) introduced the scientific concept of 

photocatalysis, enormous research work has been done to understand the fundamental 

mechanism and further improve the efficiency of various photocatalysts. In recent 

years, titanium dioxide (TiO2) has been proved to be the most suitable photocatalyst 

for environmental control due to its capability to completely destroy a large variety 

of organic pollutants (Carp et al., 2004, Mills and Le Hunte, 1997). Titanium dioxide 

particle is abundant, economical, relatively non-toxic, highly photoactive, yet 

chemically stable and resistant to photocorrosion (Evans et al., 2013, Fujishima et al., 

2008, Ohama and Van Gemert, 2011). However, the wide bandgap of pristine TiO2 

hinders its full potential for many applications (Agrios and Pichat, 2005, Linsebigler 

et al., 1995). The bandgap of TiO2 lies in the UV region which is only 3-5% of the 

sunlight energy. Therefore, one of the main challenges in improving the performance 

of TiO2 photocatalyst is to extend their optical response from the UV to the visible 

region.  

Improving the optical-response and photocatalytic performance of TiO2 in the visible 

light region can be achieved by doping or sensitization (Xiaobo and Mao, 2007). 

Doping is a kind of bulk chemical modification to alter the chemical composition of 

TiO2 but maintain the integrity of TiO2 crystal structure. This technique substitutes 

the metal (titanium) or the non-metal (oxygen) component in order to alter the optical 

properties of TiO2 nanomaterial. The study by Endo et al. (2018) show that doped the 

commercial Titania samples with metal such as silver or gold result in excellent 

visible-light driven photodecomposition of microorganisms. An alternative technique 

is a photosensitization, a photochemical process by which a chemical reaction is 

induced by energy transfer from the light-absorbing sensitizer (Braslavsky, 2007). 

The match of the energy difference between the oxidation potential of the excited 

sensitizer and conduction band of the TiO2 acts as the driving force for the charge 
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injection process (Vinodgopal et al., 1995). The sensitizer for TiO2 materials can be 

any materials with a lower bandgap, including semiconductors, metals, and organic 

dyes (Vallejo et al., 2015, Cabir et al., 2017). 

Surface modifications of TiO2 with carbonaceous materials such as graphene oxide 

(GO) have received great attention due to its excellent photocatalytic performance in 

the visible light (Chen et al., 2010, Chen et al., 2009, Du et al., 2011, Lettmann et al., 

2001, Morales-Torres et al., 2012, Nguyen-Phan et al., 2011, Zhang et al., 2010a, 

Cruz-Ortiz et al., 2017). This composite can be synthesized by different methods, for 

example sol-gel method, hydrothermal/solvothermal technique, or even simple 

mixing process. In sol-gel method, typically it starts with solutions consisting of 

metal compounds (sol) as precursor (Sakka, 2013). Further reaction integrates the 

network between particles, solidifying the sol into a gel. Sol-gel routes afford 

excellent control of nanosized particles, shapes distribution and crystallinity. 

However, it has a number of disadvantage such as substrate dependent (typical 

precursor is metal alkoxides which is high cost materials) and time consuming due to 

slow process of gel formation (Mackenzie, 1988). Hydrothermal technique involves 

single or heterogeneous phase reactions under controlled temperature and pressure to 

crystallizing substance from aqueous solution (Morales-Torres et al., 2012, Suchanek 

and Riman, 2006). It allows shorter processing time and lower energy consumption 

since high calcination temperature, mixing, and milling can be minimized. The need 

of expensive autoclaves is one of the main disadvantages of these methods. 

The paper presents an experimental study to prepare the GO-TiO2 nanocomposites 

by a one-step hydrothermal process. The preparation route will be simplified and 

conducted at ambient conditions. It could allow the scaling-up process for 

commercial production and hence promotes the potential of GO-TiO2 composites 

towards wider practical applications such as construction industry. First, the 

photocatalytic performance of various commercial TiO2 nanoparticles will be 

evaluated. The commercial TiO2 product that performs the best will be selected for 

synthesis of a series of GO-TiO2 composite photocatalysts. Different reaction 

conditions will be carried out to optimize the photocatalytic activity under visible 

light illumination. The photocatalytic performance in visible light will be evaluated 
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for degradation of methylene blue dye and antibacterial effect (Escherichia coli). A 

preliminary study was also conducted to evaluate the application of GO-TiO2 

composite in cement-based construction materials for decomposition of E. coli. 

4.2. Methodology 

4.2.1. Materials 

Four commercial titanium dioxide catalysts were used for screening test: Aeroxide 

TiO2 P25 (Evonik, Germany), KRONOClean 7000 (KRONOS, USA), Anatase 

(Shijiazhuang Kailing, China) and Rutile (Shijiazhuang Kailing, China). 

Commercially available graphene oxide (>99% purity and research grade quality) 

was purchased from HENGQIU Technologies, China. It is small scale single layer 

graphene oxide prepared by improved hummers method. Methylene blue was used 

for photodegradation of dye and it is obtained commercially from Sigma-Aldrich, 

Singapore. Bacteria E. coli K-12 obtained from the bacterial library in the 

environment laboratory of Nanyang Technological University was used for 

antibacterial test. 

4.2.2. Synthesis of GO-TiO2 nanocomposite 

The composites were prepared through a one-step hydrothermal process using the 

selected commercial TiO2 and GO, based on the work of Zhang et al. (2010a) with 

modifications, as illustrated in Figure 4-1. The GO loading was kept constant at 3% 

weight of TiO2 as an optimum content (Pastrana-Martínez et al., 2012). Briefly, 242.5 

mg of TiO2 powder was dispersed in 35 ml of distilled water. The TiO2 solution was 

then stirred continuously for 30 min at room temperature (≈ 23-25 °C) using a 

magnetic stirrer at 160 rpm. In the meantime, 7.5 mg of graphene oxide was dissolved 

in 15 ml of distilled water. The GO solution was sonicated at room temperature (≈ 

23-25 °C) for 30 min using a high-intensity ultrasonic probe. Subsequently, the 

obtained GO solution was added to the TiO2 solution under magnetic stirring for 

another 30 min. The mixture was then stirred at 150° C until all water completely 

evaporated. Lastly, the obtained solid deposit was then oven-dried for 24 h at 60° C. 

The final product is referred to as GO-TiO2. 
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Figure 4-1: Synthesis process of GO-TiO2 nanocomposites 

4.2.3. Sample characterization 

The morphology of composites was characterized using a field emission scanning 

electron microscopy (FE-SEM, JEOL JSM7600F) and the elemental analysis and 

mapping were carried out by energy-dispersive x-ray spectroscopy (EDX) on the 

same instrument. The GO content in the GO-TiO2 composites was analyzed under 

dry air using a thermogravimetric analyzer (Perkin Elmer TGA 4000). The samples 

were heated from room temperature to 800° C at a rate of 10° C/min. The crystal 

structure of pure TiO2 and GO-TiO2 composites were investigated using an x-ray 

diffractometer (D8 Advanced XRD, Bruker AXS, Germany) with monochromatized 

Cu-Kɑ radiation. The functional groups of the GO, TiO2, and GO-TiO2 composites 

were detected using a Fourier transform infrared spectroscopy (FTIR, Perkin Elmer 

Frontier) in the range of 4000–600 cm-1. The X-ray photoelectron spectroscopy 

(XPS) analysis was used to further identify the interaction between GO and TiO2. 

The optical properties of the catalysts were investigated by means of the diffuse 

reflectance spectroscopy (DRS, Varian Cary 5000). Specific surface area of the 

catalysts was measured by Brunauer-Emmett-Teller (BET) nitrogen adsorption-

desorption. Surface charge of TiO2 materials was assessed by measuring their electro-
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kinetic potential (zeta potential) via zeta potential analyser (Malvern Zetasizer Nano 

ZS). 

4.2.4. Photocatalytic degradation of methylene blue under visible light 

The degradation of methylene blue was observed based on the absorption 

spectroscopic technique. In a typical procedure, 50 ml aqueous solution of methylene 

blue dyes (10 μM) and 50 mg of the photocatalyst were placed in 100 mL Pyrex 

beaker. The mixture was then stirred in the darkness until reaching the adsorption 

equilibrium. The photocatalytic reaction was started by turning on the lamp. A 500 

W long arc xenon lamp with a UVIRCUT420 optical filter was used as the light 

source for visible light photocatalytic reaction. After turning on the lamp, the mixture 

was irradiated for certain period and stirred incessantly during irradiation. 

The dyes solution was taken from the reactor at a regular time interval and centrifuged 

to separate the catalyst particles before analysis. The photo-reacted solution was 

analysed by recording variations of the absorption band maximum (660 nm) in the 

ultraviolet-visible spectra of methylene blue using an ultraviolet-visible (UV-vis) 

spectrophotometer (Varian Cary 5000). Direct photolysis in the absence of 

photocatalyst was also performed as a blank experiment in order to calculate the 

contribution from direct photolysis. 

Dark adsorption test was evaluated to compare the adsorption capability of pure TiO 2 

and GO-TiO2 composite. In this test, 50 mg of the photocatalyst was dispersed in 50 

mL of methylene blue solution (10 μM). The solution was continuously stirred and 

kept in the dark for 30 min. Every 15 min, the sample was taken and centrifuged for 

the UV-visible absorption measurement. From the difference in the absorbance 

before and after adsorption, the amount of dyes adsorbed by the photocatalyst could 

be estimated. 

4.2.5. Photocatalytic disinfection of E. coli under visible light 

The photocatalytic activity of the TiO2-based material was evaluated by disinfection 

of E. coli under visible light irradiation at room temperature (≈ 23-25 °C). Briefly, 

the E. coli. K-12 was obtained from the bacterial library in the environment laboratory 
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of Nanyang Technological University. Unless specifically noted, E. coli. mixing with 

50% glycerol (mix ratio volume/volume = 1/1) was kept in -80 °C for long-term 

storage. After overnight growth in 37 °C, 200 rpm incubator, the overnight bacterial 

cultures were diluted to same concentration for all TiO2-based material groups (GO, 

P25, Krono, GO-P25, GO-Krono). Then same amount of different TiO2-based 

materials was added for 60-min incubation (final concentration: 50 mg/l). During 60-

min incubation, the samples were collected at the 6 time points (Min 0, Min 10, Min 

20, Min 30, Min 45, Min 60) and the live bacteria number was calculated by colony 

forming unit (CFU) and drop-plate method described in the previous study (Ding et 

al., 2014b). 

4.3. Result and discussion 

4.3.1. Physicochemical properties of pristine titanium dioxide 

Four commercial TiO2 samples were evaluated in this screening test. Figure 4-2 

displays the morphologies of various commercial TiO2 particles. As it can be seen, 

the TiO2 particles used in this screening test show a spherical shape with strong 

flocculation to form larger-size clusters. The primary particle size of TiO2-P25 and 

TiO2-Krono is estimated to be about 20-40 nm in diameter, while the particle size of 

TiO2-anatase and TiO2-rutile is in the range of hundreds nanometer. However, in the 

case of the TiO2-Krono photocatalyst, the primary particles tend to agglomerate to 

form larger secondary particles (> 500 nm) giving raise to the porous structure. 
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Figure 4-2: Scanning electron microscope (SEM) images of different commercial TiO2 

powders: (a) TiO2-P25, (b) TiO2-Krono, (c) TiO2-anatase and (d) TiO2-rutile 

The specific surface area and pore structure were then evaluated by N2 adsorption 

experiment. Figure 4-3 presents the physisorption isotherm of four commercial TiO2 

used in this study. As shown in Figure 4-3, the physisorption isotherm for TiO2-Krono 

photocatalyst shows a hysteresis effect indicating that the particles are mesoporous. 

In comparison, the observed isotherms for TiO2-P25, TiO2-anatase, and TiO2-rutile 

suggest that particles are non-porous. Brunauer–Emmett–Teller (BET) theory was 

adopted to calculate surface area. The surface area for all commercial TiO2 is 

tabulated in Table 4-1. As listed in Table 4-1, the calculated BET shows that TiO2-

Krono has the highest specific surface area (252 m2/g) followed by TiO2-P25 with 

46.9 m2/g. The high surface area for TiO2-Krono was strongly correlated to mesopore 

volume (Chang et al., 2009). In contrast, the surface area for TiO2-anatase and TiO2-

rutile samples is only 8 and 10 m2/g, respectively. 
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Figure 4-3: N2 adsorption isotherms of TiO2-P25, TiO2-Krono, TiO2-anatase, and TiO2-

rutile 

The crystal structures of commercial TiO2 materials were investigated through the 

XRD analysis. Figure 4-4 shows the XRD patterns of TiO2-P25, TiO2-Krono, TiO2-

anatase, and TiO2-rutile. As shown in Figure 4-4, XRD analysis confirms that TiO2-

Krono and TiO2-anatase samples consist of anatase phase, while TiO2-rutile sample 

consists of rutile phase. TiO2-P25 is the only sample consisting of both anatase and 

rutile phase, in the ratio 80% to 20%. As listed in Table 4-1, the calculated bandgap 

of TiO2-P25, TiO2-Krono, and TiO2-anatase is around 3.2 eV. The calculated 

bandgap for rutile is around 3.0 eV, which is 0.2 eV narrower than the other 

commercial TiO2 materials. Calculation of bandgap energy of the sample was 

presented in Figure S16. 

 

Figure 4-4: XRD spectra of TiO2-P25, TiO2-Krono, TiO2-anatase, and TiO2-rutile 
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Table 4-1 Properties of commercial TiO2 materials 

TiO2 sample Crystalline 

phase 

BET-surface area 

(m2/g) 

Bandgap energy 

(eV) 

Surface charge* 

(mV) 

TiO2-P25 80% Anatase 

20% Rutile 

46.9 3.23 33.20 ± 0.26 

TiO2-Krono Anatase 252 3.25 20.00 ± 0.10 

TiO2-anatase Anatase 8 3.22 -28.7 ± 2.21 

TiO2-rutile Rutile 10 3.02 21.13 ± 0.38 

* Measured in deionised water. Values are means ± standard deviation (n=3). Statistical significance 

differences (t test): P < 0.01. 

The photocatalytic performance of various commercial TiO2 nanoparticles was 

evaluated by degradation of methylene blue in an aqueous solution under visible light 

irradiation. The change of dye concentration was investigated at regular time intervals 

using an UV-vis spectrophotometer. To compare the adsorption capability, dark 

adsorption test was carried out before light activated degradation. As shown in Figure 

4-5, the dye solution achieved adsorption equilibrium after 15 min under dark 

conditions. After dark adsorption test, most of the dye molecules obviously remained 

in the solution with TiO2-P25, TiO2-Krono, and TiO2-rutile as the catalyst. This result 

indicates that the adsorption capability of these three catalysts was very low. In 

contrast, the concentration of dye solution dropped rapidly in first 15 min with TiO2-

anatase as the catalyst. A large amount of dye molecules, almost 50% of initial 

concentration, was adsorbed on the surface of TiO2-anatase during adsorption test. 
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Figure 4-5: Photocatalytic performances of commercial TiO2 products in the degradation of 

methylene blue in visible light 

The interesting result has been identified by comparing the BET result with 

adsorption capability from each commercial product. Although TiO2-anatase has the 

lowest surface area, this material showed the highest adsorption capability under dark 

conditions. The previous study demonstrated that surface charges of TiO2 material 

play an important role in the adsorption process (Dai, 1994, Karaca et al., 2008, 

Butman et al., 2018). Electrostatic interactions between the organic dye and TiO2 

material have been shown to be an important factor controlling the interaction 

mechanism of contaminant/dye particles to TiO2 surfaces. Therefore, the surface 

charge of commercial TiO2 materials was measured using zeta potential analyser. The 

results in Table 4-1 showed that the TiO2-anatase was more electronegative than other 

materials, supporting stronger adsorption capability with cationic dye of MB which 

is positively charged. 

Following dark adsorption test, the photocatalytic activities of commercial TiO2 

particles were observed for degradation of dye in visible light. As shown in Figure 

4-5, TiO2-anatase displayed a highest total decrease in concentration of dye after 4 h 

visible light illumination. However, the decrease of dye concentration for TiO2-

anatase mainly occurred during adsorption process and was very slow during visible 

light exposure. On the contrary, total decrease in dye concentration for the other 

commercial products was highly controlled under visible light irradiation. Figure 4-5 

shows that TiO2-Krono generally outperformed other TiO2 materials used in this 

study for degradation of dye in visible light. This result is predictable as TiO2-Krono 
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is the only commercial TiO2 with visible light activity according to manufacturer 

specification. 

Photodegradation of methylene blue during visible light irradiation also shows 

interesting results. Considering the bandgap of various commercial TiO2, it lies in the 

UV region which has no response in visible light. Further study was conducted to 

detect the oxidation power generated by means of RNO bleaching during light 

exposure. TiO2-P25 showed high hydroxyl radical (OH•) production during 

UV/visible light irradiation, while no OH• production was observed during visible 

light irradiation, as illustrated in Figure S19. This result indicates that under visible 

light irradiation the photon energy was not strong enough for electron excitation. As 

a result, commercial TiO2-P25 could not produce hydroxyl radical under visible light 

irradiation.  

It was suggested that the degradation of MB dye in visible light was ascribed to the 

dye photosensitization mechanism (Liu et al., 2014, Cabir et al., 2017, Mamba et al., 

2014). In this procedure, MB molecule could absorb a visible light to generate 

electron-hole pairs. The excited electrons are then transferred from a singlet/triplet 

state of MB (MB*) into the conduction band of TiO2 which further could react with 

oxygen, O2, to produce O2
- radicals (superoxide anion). The radicals generated could 

oxidize the aromatic rings of MB. The performance differences among commercial 

TiO2 was mainly caused by their particle size and pore structure, which define active 

site available for photosensitization process. Due to high surface area and porosity, 

TiO2-Krono and TiO2-P25 provide more active site for reaction, resulting in a good 

photocatalytic performance.  

4.3.2. Characterization of titanium dioxide modified with graphene oxide 

TiO2-P25 was then used for synthesis of a series of GO-TiO2 composite and the 

composite products are then called GO-P25. The morphology of GO-TiO2 prepared 

with 3% GO loading was observed with FESEM. The elemental analysis was then 

performed using EDX spectroscopy to identify the elemental composition in the 

composites. There is no significant difference between the morphology of GO-P25 

(Figure 4-6(a)) and the morphology of pristine TiO2-P25 materials (Figure 4-6(b)). 
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This finding is consistent with earlier studies (Jo and Kang, 2013, Liu et al., 2014) 

suggesting that the low ratio of GO in the composites did not make a significant 

alteration to the outward appearance of original TiO2 particles. The EDX spectrum 

of GO-P25 (Figure 4-6(d)) exhibits peaks of Titanium (Ti), Oxygen (O) and Carbon 

(C) atoms. The presence of Ti and O atoms were ascribed to TiO2 while the presence 

of C could be related to GO. Furthermore, elemental mapping (Figure 4-6 (e-g)) 

shows the uniform distribution of each element including smaller amount of C 

element corresponding to low percentage of GO in the composite. 

  

 
 

   

Figure 4-6: SEM images of (a) GO-P25, (b) TiO2-P25, (c-g) EDX and elemental mapping of 

GO-P25 

The percentage of GO in the composite was determined under dry air using the 

thermogravimetric analyzer (TGA). The TGA results generated on GO, TiO2-P25 and 

GO-P25 nanocomposite is shown in Figure S20. The plot shows the percent mass as 

a function of sample temperature. The descending curves indicate a weight loss 
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occurred. The difference in weight loss between GO-P25 and P25 is about 2.0%. The 

TGA result for GO indicates 65.8% of weight loss. The percentage of GO content in 

the composite was estimated by calculating ratio among them, as shown below: 
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The estimated GO contents in the composites are equivalent to the GO loading during 

the synthesis process. This finding indicates that GO content in the composites could 

be controlled during the synthesis process. 

As thermal treatment in TGA is usually followed by an evolution of gases due to 

sample decomposition, coupling TGA with FTIR was conducted to identify the 

evolved gas components. Figure S21 shows the infrared spectrum of gases released 

directly from GO sample during thermal treatment. The evolved gas during heat 

treatment of GO corresponds to the CO2 infrared spectrum. Hence, it was confirmed 

that the difference of weight loss between GO-P25 and TiO2-P25 could be attributed 

to the decomposition of carbonaceous materials. 

The interactions between GO and TiO2-P25 are of great importance for the properties 

of GO-P25 composites. The previous study have indicated that coupling TiO2 with 

GO did not alter the crystal structure of TiO2 (Nguyen-Phan et al., 2011, Zhang et al., 

2010a). The same XRD patterns were observed between pristine TiO2-P25 and GO-

P25 nanocomposite, as shown in Figure S22. These findings suggested that the 

absence of diffraction peaks for carbon species may be associated with the low 

amount of GO or low diffraction intensity.  

Figure S23 shows the infrared spectrum of GO, TiO2-P25 and GO-P25. The spectrum 

of graphene oxide at 1100 cm-1, 1230 cm-1, 1320 cm-1 and 1720 cm-1 were attributed 

to the presence of C-O, C-O-C, C-OH, and C=O stretching in carboxylic acids, 

respectively (Si and Samulski, 2008). Nevertheless, none of these peaks were 

observed in the GO-P25 spectrum. These oxygen-containing functional groups were 

probably removed during thermal process (Zhang and Pan, 2011). The pure TiO2-P25 
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material displayed a low frequency spectrum at 690 cm-1, which could be ascribed to 

the vibration of Ti-O-Ti bonds. However, in the GO-P25 composite, the broad 

adsorption below 1000 cm-1 was much higher than the corresponding peak in pristine 

TiO2-P25 and shifted toward high wavenumber. The shift of such absorption curve 

could be assigned to the result of a combination between Ti-O-Ti and Ti-O-C 

vibration (798 cm-1) (Nethravathi and Rajamathi, 2008, Sakthivel and Kisch, 2003, 

Zhang et al., 2010a). These results suggest that a chemical interaction between TiO2 

and GO may exist in the GO-TiO2 composite materials due to the presence of Ti-O-

C bonds. 

The chemical state of elements in GO-P25 has been analyzed using XPS analysis. 

The XPS results are shown in Figure 4-7. According to the full-scale XPS spectra, as 

shown in Figure 4-7(a), GO-P25 composite contains graphitic C1s peak at 284.6 eV, 

O1s peak at 531.8 eV and Ti2p peak at 458.7 eV. In order to investigate the carbon 

states in the sample, the high resolution C1s spectra was measured as shown in Figure 

4-7(b). Deconvolution of XPS spectrum is used to remove a specific type of signal 

such as noise from the observed signal. The procedures used a Gaussian response 

function with a Fourier deconvolution/filtering algorithm. Deconvolution of the C1s 

peak in the high resolution XPS spectrum shows two main separated peaks are existed 

for the GO-P25 composite at the binding energies of 284.6 and 286.8 eV. Generally, 

the binding energy of 284.6 eV could be either connected to a signal of adventitious 

elemental carbon contamination adsorbed from ambient or ascribed to a graphitic C-

C bonds (Chen et al., 2010, Liu et al., 2014). The binding energy of 286.8 eV 

demonstrated the presence of Ti-O-C bonds as in other works (Zhang et al., 2010b, 

Zhang and Pan, 2011). This reveals that the C atoms substitute part of the Ti lattice 

point and form a Ti-O-C band structure. It confirms that C-atoms actually exist in the 

GO-P25, which is in good accordance with the previous SEM, TGA and FTIR 

analysis. 
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Figure 4-7: (a) The full XPS spectrum of GO-P25 and (b) High resolution XPS spectra of 

C1s for GO-P25 nanocomposites 

The optical properties of TiO2 based materials were determined using an UV-visible 

spectrophotometer equipped with diffuse reflectance accessory. The optical 

absorption spectrum and optical bandgap determination of TiO2-P25 and GO-P25 are 

presented in Figure 4-8. The result showed that GO-P25 nanocomposite exhibited an 

obvious redshift in the absorption edge along with strong absorption in the visible 

light range. In contrast, TiO2-P25 has no response in the visible light region. The 

optical absorption spectra of TiO2-P25 displayed the absorption threshold at around 

400 nm which is corresponding to UV region.  This result indicates the bandgap 

narrowing upon the addition of GO in the GO-P25 nanocomposites. 
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The optical bandgap of the photocatalyst can be estimated from absorption spectra 

using Kubelka-Munk model and plotted using Tauc’s relation, as shown below: 

2)( gEhconsth −=    (2) 

where α, hѵ, and Eg represent the absorption coefficient of the materials, energy of 

adsorbed light, and optical bandgap of materials, respectively. Typically, the Tauc’s 

plot shows the relationship between light energy (hѵ) on the abscissa and modified 

Kubelka-Munk function (αhν)1/2 on the ordinate. The energy gap can be obtained 

from the intercept of the resulting straight lines with energy axis at (ɑhv)1/2 = 0. As 

shown in Figure 4-8, GO-P25 composite material has narrower bandgap and exhibit 

stronger absorption in the visible light range (< 3.2eV) than that of pristine TiO2-P25. 

The bandgap narrowing for GO-P25 can be assigned to the formation of Ti-O-C bond 

in the GO-TiO2 composite surface which is in agreement with the FTIR and XPS 

result. Further, their performances in organic dye degradation and E. coli 

decomposition will be compared under visible light irradiation. 
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Figure 4-8: (a) Optical absorption spectrum of TiO2-P25 and GO-P25 and (b) Optical 

bandgap determination of TiO2-P25 and GO-P25 

4.3.3. Evaluation of photocatalytic performance 

Adsorption capability 

The adsorption capability is one of the important factors influences the overall 

photocatalytic efficiencies (Fujishima et al., 2008, Xiaobo and Mao, 2007, Nguyen-

Phan et al., 2011, Zhang et al., 2010a). Therefore, investigation of methylene blue 

adsorption was carried out before starting the irradiation. The purpose of adsorption 

test is to study the effect of combination of GO and TiO2 on the adsorption capability. 

In a typical procedure, the photocatalyst powder was dispersed in methylene blue 

solution. The solution was then kept in the dark with incessant stirring for 30 min to 

reach the adsorption equilibrium. The UV absorption spectra of methylene blue after 

adsorption test are shown in Figure 4-9. Methylene blue solution is an aromatic 
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chemical compound with maximum absorption of light around 664 nm. As shown in 

Figure 4-9, the great decrease of peak intensity at 664 nm was observed for a solution 

containing GO-P25 materials.  

 

Figure 4-9: UV absorption spectra of methylene blue after adsorption test 

This result indicates that the amount of methylene blue dye adsorbed by GO-P25 

composites materials was remarkably increased compared to the pristine TiO2-P25. 

Approximately 60% and 40% of the initial dye was adsorbed by GO-P25 prepared 

through chemical synthesis and mechanical mixing, respectively, while only less than 

10% of the initial dye was adsorbed by pristine TiO2-P25. This result suggests that 

GO plays an important role during adsorption process. In general, the adsorption 

capability could be enhanced by increasing GO content. However, the excessive GO 

content could hinder the adsorption of oxygen on the surface of active site. As a result, 

in the absence of oxygen, the injected electron at conduction band of TiO2 could 

recombine, potentially leading to a great decrease of photocatalytic activity. Hence, 

it is suggested that there should be an optimum amount of GO in the GO-TiO2 

nanocomposite materials for the efficiency of photodegradation process (Liu et al., 

2014, Pastrana-Martínez et al., 2012, Wang and Zhang, 2011).  

The enhancement of adsorption capability was generally attributed to the increase of 

specific surface area (Pastrana-Martínez et al., 2012, Zhang and Pan, 2011). 

However, in this case, surface area improvement was not significant compared to the 

increase of adsorption capability. According to BET result (Table S1), the increase 

of specific surface areas was only around 17% (SAP25 = 46.89 m2/g and SAGO-P25 = 
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54.92 m2/g) whereas adsorption capability greatly increased from 10% to 60%. This 

finding is consistent with earlier studies suggesting that the reason for the enhanced 

adsorption capability is not only due to the increase of specific surface area but also 

due to the non-covalent interactions (π-π interaction) between graphene layer and 

methylene blue dye (Zhang et al., 2010a). The electrostatic interaction between 

methylene blue dye (+11.3 mV, cationic dye) and the surface of Graphene Oxide (-

7.87 mV, negatively charged) has a significant effect on increasing adsorption 

capacity. 

Dye degradation 

Figure 4-10 presents the photodegradation of methylene blue over TiO2-P25, TiO2-

Krono, and GO-P25 under visible light irradiation. GO-Krono was also added to 

compare the effectivity of synthesis process for different TiO2 materials. It was 

obvious that the combination of GO and TiO2 significantly enhance the 

photodegradation of the dye compared to pristine TiO2-P25 and TiO2-Krono, as 

shown in Figure 4-10. For the GO-P25 composite materials, 94% of the initial dye 

was degraded after 1-h irradiation; on the contrary, only 36 % of the initial dye was 

decomposed by TiO2-P25 even with longer irradiation time, 4-h. Since TiO2-P25 has 

no optical absorption in the visible light region, as described earlier, the discoloration 

was mainly attributed to the dye sensitized photodegradation of methylene blue (Liu 

et al., 2014). Photocatalytic activity of TiO2-Krono in visible light was better than 

that of pristine TiO2-P25 where 51% of the initial dye was degraded after 4-h 

irradiation. After coupling with GO, the degraded dye increased up to 87% of the 

initial dye after 2-h irradiation, which is much higher than the pure TiO2-Krono. In 

the absence of photocatalyst, approximately 3% of the methylene blue was 

decomposed due to direct photolysis of the dye.  
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Figure 4-10: Photodegradation of methylene blue over TiO2-P25, GO-P25, TiO2-Krono and 

GO-Krono under visible light irradiation 

Figure 4-11 display the reaction rates for photodegradation of methylene blue on the 

GO-TiO2 composite systems. The photocatalytic reaction rate for TiO2 and GO-TiO2 

was described by the first order kinetic model. All linear models have R-squared 

values close to unity. Figure 4-11 clearly displays a great improvement in the 

degradation rate for GO-TiO2 compared to pristine TiO2. GO-P25 shows the best in 

degradation of methylene blue, giving the highest reaction rate of 0.0299. This gives 

a reaction rate that is approximately 19 times that of P25. While the reaction rate of 

GO-Krono is around 0.0134 which is approximately 5 times greater than that of 

Krono.  

 

Figure 4-11: Degradation rate for pristine TiO2 and GO-TiO2 composite 
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This excellent photocatalytic performance for GO-TiO2 nanocomposite materials can 

be attributed to the following factors. Initially, the dye was highly adsorbed on the 

surface of graphene to reach adsorption equilibrium. Under visible light irradiation, 

graphene acts as sensitizers to absorb photon (Chen et al., 2010, Du et al., 2011). 

Following photon absorption, an electron could be transferred from the excited state 

of GO into the conduction band of TiO2 leaving the accumulation of holes in the 

graphene layer (Du et al., 2011). Then, the created electron-hole pairs become well-

separated. These processes could significantly suppress the charge recombination.  

Subsequently, the electron is transferred to oxygen adsorbed on the semiconductor 

surface producing superoxide anion (O2
-) which can facilitate the degradation of 

organic components (Figure 4-14). Photodegradation process broke the adsorption 

equilibrium and more dye would transfer from the solution to the interface (Nguyen-

Phan et al., 2011, Zhang et al., 2010a). The process is iterated until all the dye is fully 

decomposed into CO2, H2O and mineral acids. The synergetic effect between 

adsorption strength and photodegradation is a key factor in excellent photocatalytic 

performance of GO-TiO2 nanocomposite materials. 

As a control, the degradation performance of GO was also observed to exclude the 

impact of GO during photodegradation process. In the presence of GO, the 

concentration of dye remained unchanged after achieving adsorption equilibrium, 

suggesting that the GO alone did not show photocatalytic activity (Figure S27). 

Furthermore, GO-TiO2 was also prepared by mechanical mixing. The GO-TiO2 

mixture obtained by a simple mechanical mixing was compared to the GO-TiO2 

activity prepared by a chemical synthesis method. It was found that although the 

adsorption of MB dye increased significantly for both composite and mixture 

materials, the degradation process of GO-P25 (M) prepared by mechanical mixing 

was much slower than that of GO-TiO2 prepared by chemical synthesis (Figure 4-11). 

This indicates that there may be no synergistic action in mechanically mixed GO-

TiO2 and most likely significant percentage of the MB was just adsorbed rather than 

degraded. 
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Escherichia coli disinfection 

Considering the good adsorption capabilities and high activity on MB degradation 

under visible light for GO-P25 nanocomposite materials, anti-bacterial performances 

of such composite materials are expected to be improved than that of pristine TiO2. 

After 60-min incubation with nanocomposite materials (Figure 4-12), the bacteria 

were significantly killed. The total number of the bacteria was reduced by around 

77% after 60-min incubation with GO-P25 (Figure 4-12). However, the total number 

of bacteria was only reduced by around 20% for the control group (no TiO2 addition, 

Figure 4-12). As a result, the GO-P25 has the most significant effect in antibacterial 

test. 

 

Figure 4-12: Colony Forming Unit (CFU) test during 60-min incubation with different 

nanocomposite materials 

Field emission scanning electron microscopy (FESEM) and fluorescence 

spectroscopy were carried out to investigate whether the E. coli cells were really 

decomposed during photocatalytic treatment. Figure 4-13 shows the FESEM image 

and fluorescence image of bacteria decomposition under visible light irradiation with 

the presence of GO-TiO2 photocatalyst. It was found that the decomposition of 

bacterial cells can be achieved in a relatively short time (1 hr visible light irradiation). 

The antibacterial effect of GO-P25 nanocomposite materials was also observed in 

previous studies (Joost et al., 2015, Zimbone et al., 2015).  
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Figure 4-13: (a) FESEM image and (b) fluorescence image of the decomposition of E. coli 

under visible irradiation on GO-TiO2 photocatalyst 

Antibacterial GO-P25 nanocomposite materials were highly important because it 

might have good potential in the application for future hospital construction 

materials. There were many Hospital-Acquired Infection (HAI) cases all over the 

world. The pathogenic bacteria coming from infected patient attached to the surfaces 

of cementitious materials and transferred to another healthy person afterward, which 

leading to the HAI (Leung and Chan, 2006) case. As a result, the construction 

materials with antibacterial effects are strongly needed and might have great potential 

in future hospital construction. 

A preliminary study was conducted to evaluate the effectiveness of GO-TiO2 

application in cement-based construction materials for disinfection of E. coli. The 
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experimental procedure for the surface study on anti-bacterial concrete is presented 

in Figure S28. After 24-h UV/vis light irradiation, 1 ml of E. coli suspension was then 

applied evenly on the cement surfaces using an adjustable precision pipette. The 

bacteria survival was estimated on agar dish after 24-h incubation. The bacteria 

growth can be visually seen by observing the center part of agar dish which is in 

contact with cement surface (Figure S29). Cement sample with 5% GO-TiO2 loading 

has the best anti-bacterial activity compared to cement sample without TiO2 and/or 

with 5% TiO2-P25.  Under visible light irradiation, the injected electron from excited 

state graphene layer to TiO2 conduction band can induce the reduction of molecular 

oxygen (O2) to form the superoxide anion (O2
-
) (Du et al., 2011), as illustrated in 

Figure 4-14. It was suggested that superoxide anion could damage iron-sulphur 

protein such as aconitase (Imlay, 2003, Daly et al., 2007). Aconitase is an enzyme 

that catalyses the interconversion of citrate and isocitrate, which is a series of 

chemical reactions in the Citric Acid Cycle, that is crucial to aerobic cellular 

respiration.  

 

Figure 4-14: Photocatalytic mechanisms of dye degradation and antibacterial effect under 

visible light on GO-TiO2 nanocomposites 
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4.4. Summary 

In this study, visible light activated graphene based TiO2 nanoparticle composites 

were synthesized through a simple mixing method. It was found that the GO-TiO2 

nanocomposite materials possessed strong optical response in the visible light region. 

The visible light response of GO-TiO2 nanocomposite materials could be assigned to 

the formation of Ti-O-C bond on the surface of GO-TiO2 nanocomposite materials. 

In addition, the combination of GO and TiO2 in the GO-TiO2 composite significantly 

increased the capability of adsorbing the methylene blue dyes compared to the pure 

TiO2 materials. Consequently, their photocatalytic activity was greatly improved in 

the degradation of methylene blue under visible light irradiation. GO modified TiO 2 

sample show high antibacterial activity compared to pristine TiO2. The preliminary 

study on application of GO-TiO2 into cement-based construction materials confirms 

the effectiveness of the composites for disinfection of E. coli under visible light. This 

finding is of considerable importance since it suggests that the simple synthesis 

process still provides remarkable improvement in the photocatalytic activity. 
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Chapter 5. Antibacterial potential of cementitious materials 

containing GO-TiO2 nanocomposites for self-sterilization 

surface 

5.1. Overview 

Development of cement-based materials containing TiO2 photocatalyst materials is 

one of the active research areas in the field of innovative and smart construction 

materials, and yet it holds the key to broaden the advantage of photocatalysis 

technologies. The use of cement-based construction materials as TiO2 supporting 

media on exterior building, tunnelling and road related facilities provide a massive 

amount of surface area available for photocatalytic reaction (Fujishima and Zhang, 

2006, Guerrini, 2012, Ohama and Van Gemert, 2011). Moreover, advanced 

functional construction materials, for example self-cleaning, water detoxification, 

anti-microbial, and air pollutant removal, could be achieved by incorporating TiO 2 

materials into cementitious composite (Guo et al., 2017, Rastogi and Vaish, 2016, 

Sikora et al., 2017, Yang et al., 2017).  

Such advanced function is induced by light-activated TiO2: the presence of TiO2 in 

cement-based materials can absorb the sunlight energy, generating an electron-hole 

pairs (e- and h+). The holes (h+) trapped at the TiO2-based surface can react with 

adsorbed water molecule (OH-) to generate hydroxyl radical (OH•) while the excited 

electron could induce the reduction of molecular oxygen (O2) to form the superoxide 

anion radical (O2
-) (Hoffmann et al., 1995, Kamat, 1993, Linsebigler et al., 1995). 

These molecules are powerful oxidant in the chain reaction for breaking down the 

organic pollutant attached into TiO2-based surface completely into harmless final 

product. However, due to wide bandgap of TiO2, the application of TiO2 

photocatalyst is limited to outdoor environment as it can only be activated by 

ultraviolet (UV) radiation. In order to expand its use in indoor application, different 

attempts to improve the optical response of TiO2 towards the visible light spectrum 

have been carried out. Surface modifications of TiO2 with carbonaceous materials 

such as graphene oxide (GO) have received great attention nowadays due to its 

excellent photocatalytic activity in the visible light (Chen et al., 2010, Chen et al., 



79 

 

2009, Du et al., 2011, Lettmann et al., 2001, Morales-Torres et al., 2012, Nguyen-

Phan et al., 2011, Zhang et al., 2010a, Cruz-Ortiz et al., 2017). 

This work aims to investigate the photocatalytic efficiency of GO-TiO2 

nanocomposites intermixing with cementitious materials under visible light 

irradiation. The new GO-TiO2 based photocatalysts will have much wider light 

absorption range and radically improve performances under low light intensity 

conditions. The outcome of this work could be useful for construction of 

microbiologically sensitive place such as healthcare facilities (indoor application). 

Under visible light irradiation, graphene oxide (GO) acts as light absorbing 

sensitizers (Chen et al., 2010, Du et al., 2011) which can transfer the energy to TiO2 

host and induce a chemical reaction. Due to its high degree of micro-porosity, GO 

also acts as an adsorbent in the photocatalysis. It is therefore hypothesized that 

incorporating this novel photocatalyst into cementitious material will contribute to 

wider application of photocatalyst in construction industry with following 

advantages: (a) enhanced visible light responsiveness, (b) strong adsorption of 

contaminants, and (c) improve the photocatalytic efficiency under visible light. 

5.2. Methodology 

5.2.1. Materials 

In this study, white cement (Aalborg Portland Malaysia) was used as the cementitious 

materials. Two commercial titanium dioxide catalysts were used for this test: 

Aeroxide TiO2 P25 (Evonik, Germany) and KRONOClean 7000 (KRONOS, USA). 

Commercially available graphene oxide was purchased from HENGQIU 

Technologies, China. Rhodamine B (RhB) for photodegradation of dye was obtained 

commercially from Sigma-Aldrich, Singapore. Bacteria E. coli K-12 obtained from 

the bacterial library in the environment laboratory of Nanyang Technological 

University was used for antibacterial test. 

5.2.2. Synthesis of GO-TiO2 nanocomposite 

The GO-TiO2 composites were prepared using the commercial GO and TiO2 

(Aeroxide P25 and Kronoclean 7000) via a one-step hydrothermal process based on 

the work of Zhang et al. (2010a) with modifications. In detail, 30 mg of GO was 
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dissolved in 60 ml of distilled water by ultrasonic treatment for 30 min. In the 

meantime, 0.97 g of TiO2 was dispersed in 140 ml of distilled water and then stirred 

continuously for 30 min at room temperature (≈ 23-25 °C) using magnetic stirrer at 

160 rpm. The GO was subsequently added to the obtained GO solution and stirred 

for another 1 h to get homogeneous suspension. The suspension was then stirred at 

150° C for 10 h and placed in the oven for 24 h at 60° C.  

5.2.3. Parametric study 

This parametric study statistically determines the significance of the governing 

factors such as TiO2-type, TiO2-loading, and mixing procedure on photocatalytic 

efficiencies. Although the effect of these factors on photocatalytic activity have been 

well studied, only a few numbers have reproduced consistent result. This section 

offers a statistically significant relationship between such factors and photocatalytic 

activity.  

A special and simplest 2k experiment was adopted to design the factor screening 

experiments which is useful in the early stage when the factors with significant effect 

are uncertain. The 2k factorial design refer to experimental design with k factor in 

which each factor has just two levels. This method can significantly reduce the 

number of runs in an experiment for given number of factors, therefore, lower test is 

required to statistically study the effect and interaction among each factor. RhB 

degradation was selected as photocatalytic response for this experimental design. The 

response from different factors was investigated by measuring their relative colour 

change (ΔC) of RhB dye applied on the surface of cement sample under UV 

illumination. 

Table 5-1 show the total number of mixtures with coded factors for all variables 

considered in the experiment. The photocatalytic response was analyzed statistically 

by its variance (ANOVA) and calculated F-ratio (test of significance). 
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Table 5-1 Coded factor for variables 

Mixture 

No 

Coded Factors 
Labels 

    Factor Levels 

A B C     Low (-) High (+) 

1 - - - (1)   A GO-Krono GO-P25 

2 + - - a   B 3% 6% 

3 - + - b   C Dry  Wet 

4 + + - ab         

5 - - + c         

6 + - + ac         

7 - + + bc         

8 + + + abc         

For mixing procedure, in the case of wet method, GO-TiO2 was mixed with distilled 

water using a probe sonication for 10 min to obtain homogeneous GO-TiO2 

suspension. The cementitious material was then added and hand mixed with GO-TiO2 

suspension for 5 min. After mixing, cement pastes were cast in 60 mm diameter and 

15 mm thickness moulds. Three cement discs were prepared for each set. The 

prepared samples were cured for 28 days at room conditions before tests. In the case 

of dry method, GO-TiO2 and cementitious material were firstly manually mixed as 

dry powders. After that, the distilled water was added and manually mixed for 10 

min. After mixing, the subsequent processes are similar to wet method described 

earlier. 

5.2.4. Photocatalytic experiments 

The photocatalytic performance under visible light irradiation was investigated by 

disinfection of Escherichia coli (E. coli) at room temperature (≈ 23-25 °C). Before 

each experiment, bacterial strains and growth media was prepared. Briefly, the E. coli 

K-12 was used as bacterial strain and obtained from bacterial library in the 

environment laboratory of Nanyang Technological University. E. coli was grown at 

37° C in a liquid nutrient medium (Difco™ LM Broth, Miller (Luria Bertani)) for 24 

h. After incubation, concentration of the culture was adjusted by dilution to reach the 

same initial concentration for all groups.  

E. coli disinfection experiments were carried out using a PTFE beaker of 250 ml as a 

batch reactor. A 500 W long arc xenon lamp with an UVIRCUT 420 optical filter 

was used as the visible light source providing a light intensity of 20k lux at the surface 
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of the sample. The cement samples containing various TiO2 materials (P25, GO-P25 

and Kronoclean 7000) were firstly autoclaved to sterilize it. Subsequently, the 

samples were exposed to E. coli suspension and kept in contact with bacteria 

environment under dark conditions for 30 min to reach adsorption equilibrium. The 

system was then irradiated with visible light to investigate the photocatalytic 

efficiency. The viable bacteria was evaluated at regular interval of time by growing 

it in Luria Bertani (LB) agar plates followed by a series of dilution, as shown in Figure 

5-1. The colony forming unit were examined after 24-h incubation at 37 °C. Two 

control experiments were conducted, which consisted of reaction in the absence of 

photocatalyst or in the absence of light source (dark condition). 

 

Figure 5-1: Antibacterial examination method 

5.2.5. Characterization of materials 

UV-vis absorption spectra of cementitious materials with and without TiO2-based 

photocatalyst were analyzed using an ultraviolet-visible (UV-vis) spectrophotometer 

(Shimadzu UV-2600) equipped with diffuse reflectance accessory. Surface properties 

of the samples was evaluated by water contact angle test using video contact angle 

system (VCA Optima, AST). The objective of this test is to study the wettability of 

the surface of cement samples after UV-visible light treatments.  
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5.3. Result and discussion 

5.3.1. Factors governing photocatalytic performance 

This section focuses on understanding the factors affecting photocatalytic efficiency. 

A 2k factorial design was used to develop photocatalytic cementitious materials in 

which each factor was run at two level. Different cement pastes were prepared by 

varying several factors such as type of TiO2 particles, the amount of TiO2 particles 

and procedures of mixing process. The response on photocatalytic performance from 

different factors was investigated by measuring their relative colour change (ΔC) of 

RhB dye applied on the surface of cement sample. Table 5-2 presents the test result 

(response data) obtained from two replicates of the 23 experiment.  

Table 5-2 RhB test result (response data) 

Mix No 
RhB Colour Change (ΔC) 

Total Average 
Replicate 1 Replicate 2 

1 82.5% 76.1% 159% 79.3% 

2 58.8% 43.6% 102% 51.2% 

3 50.8% 58.8% 110% 54.8% 

4 55.9% 64.4% 120% 60.1% 

5 81.6% 75.4% 157% 78.5% 

6 38.7% 53.1% 92% 45.9% 

7 31.8% 55.1% 87% 43.5% 

8 25.5% 50.6% 76% 38.0% 

It is essential to estimate the magnitude and direction of the factor effect to determine 

which variables are likely to be important, as presented in Table 5-3 (the column 

labelled “Effect Estimation”). A positive effect means that the response will be 

greater when the factor is at the high level while the larger magnitude of the effect 

means that its influence on the response is higher, no matter the effect is positive or 

negative. For example, the effect of A (TiO2 type) is negative; this suggests that the 

use of GO-P25 (high level) will decrease the value of ΔC. The lower value of ΔC 

indicates the colour degradation of the cement specimen containing TiO2 is greater, 

which means the colour difference is more obvious than that of the initial intensity. 

In terms of magnitude, the largest effects are for TiO2 type (A = -15.2%), TiO2 

loading (B = -14.6%) and the TiO2 type-loading interaction (AB = 15.1%). 
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Furthermore, the column labelled “percent distribution” measures the percentage of 

contribution of each model term relative to the total sum of squares. The percentage 

contribution is often a rough but effective guide to the relative importance of each 

model term. Note that the main effect of A, B and interaction of A and B dominates 

this process. The main effect of A, B and the AB interaction account for about 22%, 

20% and 22%, respectively. Although the aforementioned interpretations can give 

rough estimation on the importance of factors and their interaction, the information 

from the effect estimation and percent contribution only has relative or comparative 

meaning and cannot give the confidence level as in ANOVA. ANOVA is the most 

important statistic tool used in DOE. Its task is to decide whether and which factors 

or interactions have significant effect (influence) on the response. 

Table 5-3 Analysis of variance for RhB test 

Source of         

Variation 

Effect    

Estimation 

Sum of 

Square 
DoF 

Mean 

Square 
F0 

Percent   

Contribution 

TiO2 type (A) -15.2% 9.22% 1 9.22% 8.101 22% 

TiO2 loading (B) -14.6% 8.55% 1 8.55% 7.510 20% 

Mixing method (C) -9.9% 3.90% 1 3.90% 3.425 9% 

AB 15.1% 9.18% 1 9.18% 8.065 22% 

AC -3.8% 0.59% 1 0.59% 0.514 1% 

BC -6.8% 1.86% 1 1.86% 1.633 4% 

ABC -1.6% 0.10% 1 0.10% 0.085 0% 

Error    9.10% 8 1.14%     

Total   42.48% 15       

F test presented in Table 5-3 may be used to confirm such interpretation. The control 

value Fɑ,ν1,ν2 is determined from the F distribution Tables, where, ɑ is a type I error 

rate (significance level) which is set to 0.05; ν1 is the D.O.F of the factor (or the 

interaction); v2 is the D.O.F of the error. Hence, based on the F distribution Tables, 

the control limit Fɑ, ν1, ν2 = F0.05,1,8 = 5.32. By comparing the calculated F0 value against 

the control limit, F0 for factor A, B, and interaction AB is larger than the control limit. 

As a result, TiO2 type and TiO2 loading are highly significant on the photodegradation 
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of Rhodamine B dye while the effect from mixing procedure was considered not 

significant.  

Furthermore, it was revealed that there is a significant effect from AB interaction, 

which means TiO2 type has a strong interaction with TiO2 loading. Figure 5-2 show 

this phenomenon, which suggests the response is very sensitive to TiO2 content when 

GO-Krono is used as photocatalyst but much less pronounced when GO-P25 is used. 

As many experiments involve more than two levels of factor, it is necessary to design 

an experiment with focus on factors that have significant effect with arbitrary number 

ɑ levels of the factor. Further, cement-based samples mixed with different TiO2 type 

such as GO-P25, Krono, and P25 (one significant factor with four levels, including 

control specimen) were used for antibacterial study under visible light irradiation.  

 

Figure 5-2: The interaction between TiO2 type and TiO2 content 

5.3.2. Antibacterial activity of cement-based construction material containing 

GO-TiO2 nanocomposite 

The antibacterial efficiency of cementitious materials containing different type of 

TiO2-based photocatalysts is evaluated, including control specimens. The TiO 2 

material used were P25, Krono, and GO-P25. The study compared the efficiency of 

each material in destroying E. coli since it is one of organisms causing Hospital 

Acquired Infection (HAI).  Reactive oxygen species (ROS), such as hydroxyl radical 

(OH•), hydrogen peroxide (H2O2), and superoxide anion (O2
-), generated by light 

activated TiO2 are cytotoxic and highly reactive. The production of ROS can damage 
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the DNA of E. coli and inhibits the activities of particular enzyme that is crucial for 

cell growth (Lemire et al., 2013, Moritz and Geszke-Moritz, 2013). Hence, the 

developed materials can potentially be used as self-sterilization surface in the 

construction of hospital and health care facilities. 

Figure 5-3 shows the result of antibacterial test for different sample under visible 

light irradiation. The viability of E. coli is estimated by bacterial counting method on 

agar plates and expressed in logarithmic scale. The application of visible light on E. 

coli strain did not affect the viability of living cell in the absence of TiO2 (control 

specimen). Furthermore, no antibacterial effect was detected for specimens with TiO2 

under dark condition while the reduction of cellular viability was identified only in 

the specimens with TiO2 and exposed to light treatment. The loss of cell viability has 

a direct relationship with the duration of light exposure, and longer exposure time 

results in a significant decrease of survival ratio. The loss is escalating from 2 orders 

of magnitudes to 8 orders for the specimen with novel GO-P25 when the irradiation 

time increased from 120 min to 200 min. In contrast, bactericidal efficiency of the 

specimens with P25 and Krono is very small, displaying only two orders of reduction 

of living cells during the total irradiation time of 200 min. 

 

Figure 5-3: E. coli inactivation on TiO2-based cement surfaces under visible light irradiation 

As shown in Figure 5-3, the process of E. coli inactivation was very slow at earlier 

stage. It was suggested that the slow reaction at early stage can be related to mass 

transfer effect that influence the initial attachment of bacteria on cement-based 
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surface. Immobilization of TiO2 into cementitious materials limits the diffusion of 

reactant molecules (bacteria in this case) from the bulk to the active site in the pore 

of cement surface (Klaewkla et al., 2011). Consequently, the mass transfer resistance 

becomes one of the important factors on the antibacterial processes. Another possible 

explanation is the ability of microorganism to adapt and resist to toxic species. 

Bacteria such as E. coli has a defense mechanism to protect the redox-sensitive 

cellular molecules from the detrimental effect of ROS. Antioxidant systems, 

chaperones (protein), and catalase (enzymes) involve as a defense system for bacteria 

to decrease the concentration of hydrogen peroxide (H2O2) and superoxide anion (O2
-

) (Harrison et al., 2009, Gogniat and Dukan, 2007). Finally, it will limit the generation 

of hydroxyl radical (OH•) and suppress the bactericidal activity at the early stage.  

Natural existence of defense mechanism against ROS indicate that the production of 

reactive oxygen species is an unavoidable aspect of life under aerobic condition 

(Carre et al., 2014, Lemire et al., 2013, Lushchak, 2010). However, the presence of 

light activated TiO2 may disturb the balance between production and elimination of 

ROS, leading to a severe cell damage. Previous study reported that the generated ROS 

initially attack the cell wall membrane and cause detachment of cell wall (Kiwi and 

Nadtochenko, 2005, Lemire et al., 2013). Longer irradiation time is needed to induce 

disruption of cytoplasmic membrane followed by DNA and protein damage that are 

leading to cell death (Carre et al., 2014, Daly et al., 2007, Endo et al., 2018). For 

further light exposure, the increase of dead cell might block the active site until the 

antibacterial activity had reached a plateau. This plateau corresponds with the 

saturation condition in the bactericidal activity.  

The viability of E. coli can be visually seen by observing the number of colonies 

forming in the agar plates. It is clear that the number of CFU was almost negligible 

(8 orders of decrease) for cement sample containing GO-P25 after 200 min of visible 

light irradiation (Figure 5-4(d)) whereas the number of CFU was around 2 and 3 

orders of decrease for cement samples mixed with P25 and Krono (Figure 5-4(b) and 

Figure 5-4(c)), respectively. No antibacterial effect was observed for control 

specimen under visible light irradiation. This evidence proved the hypothesis that 

GO-P25 successfully extend its photoactivity to the visible region.   
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Figure 5-4: The viability of E. coli after 24 h incubation (a) Control, (b) TiO2-P25, (c) TiO2-

Krono, and (d) GO-P25 

5.3.3. Electronic band structure 

Figure 5-5 show the optical spectra of cement-based specimens with different TiO2, 

including the control specimen. The reflectance spectra (Figure 5-5(a)) were obtained 

using the UV-visible spectrophotometer equipped with diffuse reflectance accessory 

while the absorption spectra (Figure 5-5(b)) were determined from reflectance spectra 

using the Kubelka-Munk equation. It can be noted from Figure 5-5 that the optical 

spectra consist of three basic regions. First is a region with weak absorption in the 

wavelength range of 400 – 700 nm which is corresponding to the visible light region. 

Samples containing P25 and Krono indicate no response in this spectrum while 

sample containing GO-P25 show a better response under visible light. Second region 

is a strong absorption in the ultraviolet range of 250 – 370 nm, which is principally 

consistent with the characteristic of TiO2 optical spectra. This ultraviolet spectrum 

contains sufficient energy to induce band-to-band transition of TiO2 that are 
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important step to initiate the photocatalysis process. Last region is an absorption 

threshold in the range of 370 – 400 nm, which coincides with the threshold of pure 

TiO2, and hence it might correspond to a bandgap energy of TiO2. In contrast, the 

control specimen displays a relatively constant absorption spectra with a small 

absorption threshold at short wavelength. As this absorption threshold does not 

correspond to the characteristic of TiO2 optical spectra, the absorption threshold can 

only be related to the colour of specimen (Jimenez-Relinque et al., 2017). 

 

 

Figure 5-5: (a) Diffuse reflectance spectra and (b) Kubelka-Munk absorption curves 

The bandgap energy of TiO2-based cementititous samples can be determined by 

plotting the Kubelka-Munk absorption data using Tauc’s relation. 

𝐹(𝑅)ℎ𝑣 = (ℎ𝑣 − 𝐸𝑔)2 (1) 

The F(R) represent Kubelka Munk optical absorption coefficients, hv denotes the 

quantity of the energy of light, and Eg is the bandgap energy transition of materials. 
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The plot in Figure 5-6 show the relationship between the energy of light (hv) on the 

abscissa and the quantity of (F(R)hv)1/2 on the ordinate. It displays a distinct linear 

regime in the region of band-to-band transition and the extrapolation of this line to 

the y = 0 yields the bandgap (Eg) value. The bandgap values of TiO2 and TiO2 mixed 

with cement are listed in Table 5-4. It was found that there is a slight reduction of 

optical bandgap of TiO2 mixed with cementitious materials in comparison with  TiO2 

itself. Bandgap energy of TiO2-based cementitious samples are determined to be 3.20, 

3.16, and 3.08 for cement specimen mixed with P25, Krono, and GO-P25, 

respectively. The lowered bandgap can be due to the presence of localised defect state 

near the valence and/or the conduction band of TiO2 (Jimenez-Relinque et al., 2017, 

Karapati et al., 2014). 

 

 

 

 

 

Figure 5-6: Determination of bandgap energy for cement samples with different TiO2 

Previous study suggested that TiO2 mixed with cementitious materials to some extent 

was similar to surface modification of TiO2 that could alter the electronic structure of 

TiO2 by creating the surface defect state (Ti3+ and oxygen vacancies) (Karapati et al., 

2014). The presence of the defect states causes the formation of an absorption tail 
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Table 5-4 Bandgap and Urbach energy 

TiO2 type 
Bandgap of TiO2 

(eV) 
Bandgap of TiO2 

with cement (eV) 
Urbach energy 

(eV) 

P25 3.21 3.20 0.37 

Krono 3.26 3.16 0.36 

GO-P25 3.11 3.08 1.61 
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that extend the conduction band or valence band into the forbidden gap. The 

absorption tail is called Urbach tail and the energy associated with this tail is called 

Urbach energy (Boubaker, 2011, Choudhury and Choudhury, 2014). The Urbach 

energy can be determined using the following equation: 

 𝛼 = 𝛼𝑜𝑒𝑥𝑝(𝐸/𝐸𝑢) (2) 

where α, E, and Eu represents the absorption coefficient, the photon energy, and the 

Urbach energy, respectively (Boubaker, 2011, Choudhury and Choudhury, 2014, 

Jimenez-Relinque et al., 2017). In order to estimate the Urbach energy, the 

relationship between ln α and photon energy (hv) should be constructed. Since the 

absorption coefficient (α) is proportional to the Kubelka-Munk absorption spectra 

(F(R)), Figure 5-7 show the plot of ln F(R) versus photon energy (hv). The curve 

follows a linear relationship and the positive reciprocal of the linear slope gives the 

Urbach energy, Eu. 

 

Figure 5-7: Determination of Urbach energy of TiO2-based cement samples 

Figure 5-7 presents the graph of Urbach energy for all TiO2-based cement samples 

and Table 5-4 lists the corresponding Urbach energy. The highest Urbach energy for 

GO-P25 cement samples indicates the high density of the localized defect states. The 

defect is favorable to trap the electron and suppress the charge recombination process. 

Following excitation by photon energy, the excited electron is trapped by the surface 

defect states (oxygen vacancies or Ti3+) which in turn improve the life-time of the 

charge carriers (Jimenez-Relinque et al., 2017). Moreover, the defect states allow a 
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higher possibility of band-to-tail transition or tail-to-tail transition (Entradas et al., 

2014, Ikhmayies and Ahmad-Bitar, 2013, Rivera et al., 2016), reducing the energy 

needed for photoexcitation to initiate the photocatalysis process. 

5.3.4. Surface hydrophobicity 

Different kind of processes in microbiology depends on cell aggregation (cell-to-cell 

interaction), co-immobilization (cell with foreign cells interaction), or 

adhesion/fouling (cell to inert material interaction), all of which are surface sensitive 

reactions (Amory and Rouxhet, 1988, Lewin, 1984).  As previously mentioned, the 

bactericidal effect at early stage may be affected by initial attachment of bacteria on 

the cement-based surface. Research study explained that the response of biological 

environment in contact with a given material is controlled by the physicochemical 

properties of its surface (Amory and Rouxhet, 1988, Ding et al., 2014a, Riveiro et al., 

2018). Surface properties like surface charge, surface roughness, and wettability 

influence the interaction between the surface and biological environment.  

As one of the important properties, the wettability shows the tendency of the surface 

to interact with one fluid rather than another. It can be evaluated by measuring the 

water contact angle, the angle between the interface of liquid-vapor and a solid 

surface. A water-repelling (hydrophobic) surface has high contact angle and low 

surface energy whereas a water-attracting (hydrophilic) surface has low contact angle 

and high surface energy. Figure 5-8 displays the water contact angle of cement-based 

surface containing different loadings of TiO2. It can be seen that increasing TiO2 

loading result in an increase of water contact angle and improve the level of 

hydrophobicity. More hydrophobic surface prevents the fast contact and adhesion of 

cell into cement-based surface, limiting antibacterial effect at early stage. Another 

important finding is that the surface of cement samples with GO-P25 could switch 

from hydrophobic surface to super-hydrophilic surface after 2 hours of visible light 

exposure, as shown in Figure 5-8. After electron excitation, the generated electron-

hole pairs could react with the Ti4+ cations and the O2- anions to form the Ti3+ and 

O2, creating the oxygen vacancies (Fujishima et al., 2008). It can be then occupied by 

water molecules to form chemically adsorbed OH groups and hence make the surface 

hydrophilic. Hydrophilic surface promotes the spreading and adhesion of cell which 
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is supported by work of Schakenraad et al. (1986). Higher cell adhesion after light 

irradiation expose the active surface with higher bacteria cell, leading to a significant 

improvement of the rate of antibacterial process. 

 

 

Figure 5-8: Water contact angle of cement based surface containing TiO2 (GO-P25) 

5.4. Summary 

In this study, the photocatalytic efficiency of GO-TiO2 nanocomposites intermixing 

with cementitious materials under visible light irradiation was investigated. 

Parametric study was firstly conducted to statistically determine the relationship 

between the governing factors and the photocatalytic activity. Three parameters 

including TiO2 type, TiO2 loading, and mixing method were evaluated on their 

correlation to the photocatalytic performances. It is found that the main effects of 

TiO2 type and TiO2 loading are highly significant on the photodegradation of 

Rhodamine B dye while the effect from mixing procedure was considered not 

significant. Furthermore, it was also revealed that there is a significant effect from 

the interaction between TiO2 type and TiO2 loading on photocatalytic performance. 

Further, cement-based samples mixed with different TiO2 type such as GO-P25, 

Krono, and P25 (one significant factor with four levels, including control specimen) 
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were used for antibacterial study under visible light irradiation. Specimen with GO-

P25 outperformed specimens with TiO2-Krono and TiO2-P25 for the antibacterial of 

E. coli under visible light. It is likely that hydrophobicity plays a key role in the 

adhesion of cell into the surfaces, limiting the bactericidal activity at early stage. The 

surface of cement samples with GO-P25 could switch from hydrophobic surface to 

super-hydrophilic surface after visible light exposure and hence increase the cell 

dispersion on the surface. Higher cell adhesion exposes the active surface with higher 

bacteria cell, leading to a significant improvement of the rate of antibacterial process 

afterwards.  

It was found that there is a slight reduction of optical bandgap of TiO2 mixed with 

cementitious materials in comparison with pure TiO2. The bandgap lowering can be 

due to the presence of localised defect state near the valence and/or the conduction 

band of TiO2. The electronic structure of TiO2-photocatalyst intermixed with cement 

matrix may be distorted through the formation of defect state. The highest Urbach 

energy for GO-P25 cement samples indicates the high density of the localized defect 

states. The defect states could be beneficial for initiating the photocatalysis process 

by reducing the energy needed for photoexcitation through a band-to-tail or tail-to-

tail transition. 
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Chapter 6. Lightweight engineered cementitious composites (ECC) 

for antibacterial application 

6.1. Overview 

Engineered cementitious composite (ECC), a class of high-performance fiber-

reinforced cementitious composites (HPFRCC), has a unique characteristic of high 

tensile ductility and multiple microcracks (Li, 2008). As the most important 

characteristic, the high tensile ductility is represented by tensile strain hardening 

behaviour (metal-like behaviour) with tensile strain capacity in the range of 3-5%, 

which is about 300-500 times that of normal concrete or FRC. Micromechanics based 

design tailors the interaction among fiber, matrix, and interface to attain high tensile 

ductility through the development of multiple microcracking while minimizing fiber 

volume fraction, generally 2% by volume (Li, 1998, Li, 2003, Li et al., 2001). After 

first cracking, the crack width increases until reaching a steady-state crack width 

(around 60 µm) and further loading generate multiple microcracking rather than 

localised crack opening. Even in the presence of large deformations, ECC materials 

can maintain the very small crack width, less than < 100 µm. The tight crack width 

property is of great importance for improving the durability of both material and 

structure (Lepech and Li, 2006). 

Due to its unique characteristics, ECC materials nowadays have been used in a wide 

range of full scale applications, from sprayed ECC for Dam retrofitting to seismic 

resistance elements of high rise buildings (Kojima et al., 2004, Li, 2008, Maruta et 

al., 2005). In some ECC applications, for example precast wall panel, the use of 

lightweight ECC makes condition more favorable for reducing the intrinsic weight of 

structure as well as the seismic internal mass. There is three basic forms of 

lightweight concrete: no-fines concrete, aerated concrete, and lightweight aggregate 

concrete (Newman and Owens, 2003). Previously lightweight aggregates such as 

expanded perlite sand, glass micro-bubbles, polymeric micro-hollow bubble, and fly-

ash cenospheres were used in attempts to achieve the lightweight property in ECC 

materials (Huang et al., 2013, Wang and Li, 2003). It can produce a lightweight ECC 

with an air-dried density range of approximately 900 to 1600 kg/m3 while 

maintaining a tensile strain capacity over 3%. 
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Photoinduced processes governed by light activated TiO2 have been investigated in 

many applications. In recent years, there has been increasing interest in using 

cementitious materials as catalyst supporting media (Chen and Poon, 2009b). The 

cementitious materials used in building facade offer enormous surface area for 

photocatalytic reactions (Cassar, 2004). TiO2 semiconductors can absorb the light 

with energy greater than their bandgap and generate an electron-hole pair. The 

generated electron-hole pairs can be utilized for creating electric power (photovoltaic 

process), promoting chemical reaction (photocatalysis process) or altering its surface 

properties (super-hydrophilicity) (Carp et al., 2004). Photocatalysis technologies 

make the production of construction materials with advanced functions such as self-

cleaning, air purifying and self-sterilizing surface feasible (Zhu et al., 2004). 

Incorporating TiO2 photocatalyst into lightweight ECC materials for example as a 

photocatalytic precast wall panel is attractive to control airborne pollutants. 

Prolonged exposure to airborne pollutants (volatile gas, liquid droplets, microbes, or 

particulate matters) may affect human immune systems (Albright and Goldstein, 

1996). Photocatalytic lightweight ECC materials may be able to keep the surface 

clean, control the level of air pollutant, and maintain the surface sterile (Guo et al., 

2013, Singh et al., 2018). Despite many works on photocatalytic cementitious 

materials, little evidence is available on the development of photocatalytic 

functionalities of ECC materials. This work aims to develop a Photocatalytic 

Lightweight Engineered Cementitious Composites (PL-ECC) for antibacterial 

application. The influence of TiO2 and different lightweight ingredient materials on 

mechanical properties and antibacterial behaviour based on Escherichia coli (E. coli) 

was investigated. 

6.2. Methodology 

6.2.1. Material and mix design 

Mix proportion of antibacterial lightweight ECC investigated in this study was 

summarized in Table 6-1. Three types of lightweight aggregates were evaluated such 

as fly-ash cenospheres (FAC), glass bubbles K-1, and air entraining agent (AEA). 

The characteristics of glass bubbles is listed in Table 6-2. The cement used for all 

mixtures was a white cement type I (Aalborg Portland Malaysia). PVA fiber REC-15 
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(Kuraray, Japan) with a diameter of 39 µm, a length of 12 mm, and 0.5% oil coating 

was used with constant proportion of fiber in the mixture at 2% by volume. 

AEROXIDE TiO2 P25 (Evonik, Germany) was used as a photocatalyst material to 

introduce the antibacterial properties into lightweight ECC materials. Other 

ingredients including superplasticizer (SP) and viscosity modifying agent (VMA) 

were used to control the workability and achieve good fiber dispersion. 

Table 6-1 Mix proportion of photocatalytic lightweight ECC 

Mix No Cement FAC FA AEA GB Water/CM SP VMA TiO2  
PVA         

(by vol) 

Ref. 

(Yang et 
al 2014) 

1 
Sand 
(0.5) 

- - - 0.31 0.003 - - 0.02 

1 1 - - - - 0.30 0.005 - 0.05 0.02 

2 1 - - 0.1 - 0.26 0.008 - 0.05 0.02 

3 1 0.1125 2.2 - - 0.26 0.007 - - 0.02 

4 1 0.1125 2.2 - - 0.26 0.017 - 0.05 0.02 

5 1 - - - 0.2 0.80 0.069 0.0015 - 0.02 

6 1 - - - 0.2 0.80 0.092 0.0015 0.05 0.02 

• Lightweight material: FAC (fly ash cenospheres), AEA (air entraining agent), and GB (glass bubbles) 

• CM (cementitious materials): Cement and FA (fly ash) 

• Admixtures: SP (superplasticizer) and VMA (viscosity modifying admixture) 

Table 6-2 Physical properties of glass bubbles 

Density (kg/m3) 125 

Composition Soda-lime-borosilicate glass 

Average diameter (µm) 65 

Effective maximum diameter (µm) 120 

Isostatic crush strength (MPa) 1.7 

 

6.2.2. Specimen preparation 

All ECC mixture was prepared using a 20 L planetary mixer (Hobart HL200 Mixer). 

The mixing processes was started by stirring all the solid ingredients like white 

cement, lightweight aggregate, and TiO2-P25 powder for several minutes until it was 

evenly distributed. Then, water and superplasticizer were added into the dry mix and 

the mixing was continued until the fresh mix reached a consistent state before adding 
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fibers. PVA fiber was slowly added into the mixture shortly afterwards. The mixing 

was stopped once it reached a good fiber dispersion and no clumping of fibers was 

observed. The fresh ECC mixtures were cast into three sets of 50 mm cube mould for 

compression tests, six sets of dogbone mould for tension tests, three sets of disc-shape 

mould for antibacterial test. The specimens were covered with plastic paper for 24 h 

at a room temperature (25±1 °C). Then, all specimens were demolded and cured at 

room conditions before testing at the age of 28 days. 

6.2.3. Mechanical testing 

The compression test was conducted on 50 mm cube specimen to determine the 

compressive strength of materials at the age 28 days. At least three specimens were 

tested for each mixture. Uniaxial tensile test was carried out on the dog-bone 

specimen to characterize the tensile stress-strain behaviour at the age of 28 days. The 

test was carried out under displacement control with a loading rate of 0.1 mm/min to 

simulate quasi-static loading condition. Two LVDTs (Linear Variable Displacement 

Transducers) were attached on both side of specimen to measure the extension. The 

testing gauge length is approximately 100 mm. Figure 6-1 display a tensile test and 

compression test machine used in this study. 

  

Figure 6-1: Tensile test and compression test machine 
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6.2.4. Photocatalytic experiments 

The photocatalytic activity was evaluated by decomposition of Escherichia coli (E. 

coli) under UV/visible light irradiation. Before each experiment, bacterial strains and 

growth media was prepared. Briefly, the E. coli K-12 was used as bacterial strain and 

obtained from bacterial library in the environment laboratory of Nanyang 

Technological University. E. coli was grown at 37° C in a liquid nutrient medium 

(Difco™ LM Broth, Miller (Luria Bertani)) for 24 h. After incubation, concentration 

of the culture was adjusted by dilution to reach the same initial concentration for all 

groups.  

E. coli disinfection experiments were carried out using a PTFE beaker of 250 ml as a 

batch reactor. A 500 W long arc xenon lamp with an UV/visible spectrum was used 

as the light source to mimic the sunlight, providing a light intensity of 20k lux at the 

surface of the sample.  Different lightweight ECC samples containing 5% of TiO2-

P25 were firstly autoclaved to sterilize it. Subsequently, the samples were exposed to 

E. coli suspension and kept in contact with bacteria environment under dark 

conditions for 30 min to reach adsorption equilibrium. The system was then irradiated 

with visible light to investigate the photocatalytic efficiency. At regular time point 

the viable bacteria were evaluated by growing it in Luria Bertani (LB) agar plates by 

a series of dilution. The colony forming units (CFUs) were examined after 24-h 

incubation at 37 °C. Figure 6-2 summarize the experimental procedure for 

antibacterial test of lightweight engineered cementitious composites (PL-ECC). 
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Figure 6-2 Antibacterial experiment 

6.3. Result and discussion 

6.3.1. Density and thermal conductivity 

As one of the essential properties in the lightweight materials, the density of PL-ECC 

specimens was measured after 28 days curing under laboratory environment. Figure 

6-3(a) show the density of PL-ECC in the range of 890 to 1547 kg/m3 and it is 

approximately 30% - 60% lower than that of normal weight ECC (Mix 1) with a density 

of 2212 kg/m3. In Mix 2, air entraining admixture was used to introduce air bubbles 

into ECC matrix. Density of PL-ECC made with AEA is 1455 kg/m3, which is about 

34% less than that of normal ECC (mix 1). The following mixes were produced using 

microsphere materials like fly ash cenospheres and glass bubble, with particle size 

smaller than 200 µm. The use of these small spherical microparticles produce stable 

air voids due to its hollow-spheres structure. Fly ash cenospheres is typically 

produced as industrial by-product from combustion of the coal, while glass bubble 

has been made from a soda-lime-borosilicate glass. PL-ECC produced using FAC (mix 

4) has a density of 1547 kg/m3 - around 30% lower that of normal weight ECC.  

Furthermore, the density of mix 6 using 20% of glass bubble to cement weight result 

in a very low density around 890 kg/m3. 
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Figure 6-3 (a) Density and (b) thermal conductivity of photocatalytic lightweight ECC 

In general, the reduction of the dry density is followed by the reduction of their 

thermal conductivity. Figure 6-3 clearly shows a positive correlation between the 

density and thermal conductivity of PL-ECC. Low thermal conductivity of PL-ECC 

is associated with the lower thermal conductivity of lightweight materials embedded 

in the ECC matrix, such as air bubble due to the use of AEA (kc-air = 0.03 W/m. K), 

hollow cenospheres (kc-FAC = 0.08 W/m.K), and glass bubble (kc-GB = 0.04 W/m. K). 

This result is consistent with previous study demonstrated that thermal conductivity 

of concrete materials is dependent on the type of aggregate used in the concrete 

mixture (Rudolph, 1980). The concrete made with different aggregate could have 

different thermal conductivity values even for the concrete with same density. It 

might be due to the differences between the thermal properties of typical mineral in 

the aggregate. 

6.3.2. Microscopic observation 

As mentioned in previous section, air entraining admixture was used in mix 2 to 

introduce air bubbles into ECC matrix as a lightweight filler. Figure 6-4(a) presents 

the fracture surface of PL-ECC mix 2 showing the air bubble induced by AEA in 

ECC matrix. It can be seen that the air bubbles were formed in different size, ranging 

from tens of micron to hundreds of microns. The size distribution of air bubble could 

not be controlled during mixing process. Mechanical force of mixing and period of 

handling process significantly influence the formation and distribution of air bubble 

in ECC matrix (Wang and Li, 2003).  
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Figure 6-4 Fracture surface of photocatalytic lightweight ECC (PL-ECC) : (a) air bubbles 

induced by AEA in ECC matrix, (b) FAC detection in ECC matrix,  (c) glass bubbles in 

ECC matrix and (d) enlarged section of glass bubbles  

The remaining mixtures was prepared using microsphere materials, for example fly 

ash cenospheres and glass bubble. Previous study (Wang et al., 2012, Wang et al., 

2011) found that these microsphere materials showed a stability against alkali-silica 

environment and can be considered as inert filler in the lightweight ECC evaluated in 

this study. It can be seen from Figure 6-4(b) and Figure 6-4(c), cenospheres and glass 

bubble were uniformly dispersed in ECC matrix and can be easily observed in the 

sample. Some of them are intact while the others were broken. Enlarged section of 

glass bubble (Figure 6-4(d)) show the microstructure of the transition zone between 

ECC matrix and glass bubble, which is similar to interfacial part between cement 

paste and aggregate. 

 

 



103 

 

6.3.3. Mechanical test 

The compressive strength of PL-ECC mixtures at 28 curing days are presented as bar 

graph in Figure 6-5.  In general, it could be seen that the use of lightweight aggregates 

(AEA, FAC, and Glass bubbles) exhibited a decrease in compressive strength. It can 

be attributed to the reduction of hydration product as the amount of cement used is 

reduced. On the other hand, the lightweight ECC mixtures with TiO2 also shows a 

lower compressive strength than the mixtures without TiO2. This might be ascribed 

to the agglomeration of nanoparticles which introduces weak zone in the ECC matrix, 

leading to reduction of compressive strength (Zhao et al., 2015).  

 

Figure 6-5 Compressive strength of PL-ECC at 28 days 

It was noticed that PL-ECC with glass bubble (mix 5 and mix 6) display a unique 

foam-structure behaviour under compression, which is totally distinct behaviour from 

those commonly brittle failure observed in cementitious materials. During the test, 

the testing specimen was fully deformed from cube specimen into a disk shape 

specimen, as shown in Figure 6-6(a). Previous study explained that the mechanism 

of stress-strain curve of foam structure are related to the properties of cell wall 

material and geometry (Ashby and Medalist, 1983). Under compression, at first, the 

foam deform in a linear-elastic way; then its cell buckle or even fracture to give 

nonlinear elasticity; at the end the complete failure is achieved and it forces a full 

contact of cell wall; as a result, there is rapid increase in the compressive strength.  

The influence of porosity on fracture mode of materials is depicted in Figure 6-6(b) 

(Meille et al., 2012). if material porosity increases, it lessened the mean size of solid 

wall. Then, the crack can directly link two neighbour pores and it can break another 
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solid wall, leading a cellular like fracture. Hence, high porosity and smaller pore size 

are favourable for achieving the ductile cellular-like behaviour. 

 

 

Figure 6-6 (a) Ductile compressive behavior of PL-ECC with glass bubble (mix 5) and (b) 

brittle and ductile fracture mode of matrix foam materials (Meille et al., 2012) 

The tensile stress-strain curves of PL-ECC mixtures are shown in Figure 6-7. The first 

cracking strength, ultimate tensile strength, and tensile strain capacity of PL-ECC mixtures 

are derived from these curves. The first cracking strength is defined as the tensile stress at the 

end of initial elastic stage, which associated with matrix properties. All these properties are 

summarized in  

 

Table 6-3. Under uniaxial tensile loading, all mixtures exhibit strain hardening 

behaviour through multiple cracking process. As can be seen, the introduction of 

TiO2-P25 nanoparticle in general reduce the first cracking strength of PL-ECC 

mixtures.  

stress = 14.9 kN stress = 15.3 kN stress = 25 kN stress = 197.3 kN

(a)

(b)
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Figure 6-7 PL-ECC mixes exhibit ductile tensile behavior with high tensile strength 
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Table 6-3 Summary of tensile properties of ECC mixtures 

  Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

First cracking 

strength (MPa) 
3.41±0.07 2.08±0.32 2.68±0.15 2.22±0.39 2.36±0.12 2.01±0.13 

Tensile strength 

(MPa) 
5.03±0.45 3.59±0.19 4.82±0.02 3.83±0.20 3.33±0.31 2.59±0.19 

Strain capacity 

(%) 
2.88±0.22 2.57±0.26 5.05±0.25 4.33±0.97 4.42±0.42 3.30±0.23 

 

Figure 6-8 shows the comparison of tensile behaviour between mix 1 and 2, along 

with the result from Yang et al. (2014) as mixing reference. As can be seen, a strain-

hardening behaviour with an average tensile strain capacity over 2.5% was observed 

for three of them. However, compared to their  result, the first cracking strength 

decreased from 4.6 MPa to 3.41 MPa and 2.08 MPa from reference mix to mix 1 and  

2. This finding is consistent with earlier findings suggesting that the introduction of 

TiO2 lower matrix fracture toughness as well as first cracking strength, as evidenced 

by the reduction of compressive strength (Zhao et al., 2015). These conditions are 

favourable for achieving multiple fine cracking and improving tensile strain capacity.  

The use of air entraining agent generates air bubbles in the ECC matrix and however 

the size distribution of the air bubble could not be controlled. Previous study found 

that the higher water content cause even more large bubbles, leading to a loss of bond 

strength when the fiber is in contact with air bubbles (Wang and Li, 2003). Hence, 

the formation of large air bubble can diminish the strain hardening potential and as 

consequence limit the strain capacity. Less water cement ratio was adopted for mix 2 

to suppress the formation of large bubbles and maintain strain capacity to be 

comparable with the reference mix. 
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Figure 6-8: Uniaxial tensile stress-strain curves of lightweight ECC with AEA 

Mix 3 and 4 adopted the strategy of using fly ash cenospheres (FAC) as lightweight 

ingredients. Figure 6-9 illustrates the uniaxial tensile stress-strain curves of 

lightweight ECC contains FAC. One of the Green Lightweight ECC (GL-ECC) 

studied by Huang et al. (2013) was adopted as reference for mix 3 with slight 

modification on the type of cement and fiber oil coating. Mix 3 exhibited a slightly 

higher tensile strain capacity compared to the result of Huang et al. (2013). Previous 

study suggested that lowering the oil coating of fiber surface could increase the 

interface frictional bond strength, leading to an increase of tensile strain capacity 

(Yang et al., 2014). As can be seen, compared to mix 3, the addition of TiO2 in mix 

4 lowered first cracking strength and ultimate tensile strength with small increase of 

strain capacity.  

Mix 1

Mix 2

Yang et. al. 2014
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Figure 6-9: Uniaxial tensile stress-strain curves of lightweight ECC with FAC 

Mix 5 and 6 incorporated the strategy of using glass bubbles as lightweight 

aggregates. Uniaxial tensile-strain curve of both mixes is plotted in Figure 6-10. A 

reference result was also plotted from the work of Zhang and Li (2015). Lightweight 

ECC made with glass bubble still exhibited a robust tensile-strain hardening 

behaviour with a tensile strain above 3 %. PL-ECC with glass bubble still show 

moderate first cracking strength compared to reference mix. Compared to mix 2, glass 

bubbles, the microspheres material, have less resistance to crack propagation which 

are favourable for achieving multiple cracking and strain hardening behaviour.  

 

Figure 6-10: Uniaxial tensile stress-strain curves of lightweight ECC with Glass bubbles 
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6.3.4. Antibacterial activity of photocatalytic lightweight ECC 

Due to the presence of transition metal in ordinary Portland cement (OPC) that have 

a potency to decrease the photocatalytic activity by blocking the incident photon or 

increasing electron-hole recombination, the use of white cement in developing 

photocatalytic cementitious material was preferred instead of using OPC (Chen and 

Poon, 2009a, Guo and Poon, 2013). For that reason, white cement was used for all 

the mixtures in this study. In order to introduce a photocatalytic functionality into 

lightweight ECC material, 5% of TiO2-P25 was added into the mix. 

TiO2-P25 has been widely used as a standard material in the field of photocatalysis 

because it exhibit high activity in various applications (Ohno et al., 2001). It consists 

of anatase and rutile phases with the ratio of 80% to 20%. TiO2-P25 has a relatively 

high specific surface area, approximately 46.9 m2/g with an average primary particle 

size around 20-40 nm. However, the particle has a strong tendency to agglomerate 

into larger particle, as shown in Figure 6-11(a). This might be due to a weak Van der 

Waals bond between primary particles (Jiang et al., 2009). Further, the hydrodynamic 

size of TiO2 nanoparticle dispersion during mixing process can have an effect on its 

interaction with ECC matrix. In high pH environment during mixing process, the 

agglomeration can be suppressed as the repulsive force in TiO2 become more 

dominant than the van der Waals force under strong alkaline condition (Jiang et al., 

2009). Smaller TiO2 cluster (Figure 6-11(b)) was observed on the fiber-matrix 

interface of PL-ECC compared to TiO2-cluster in the dry state (Figure 6-11(a)).  

  

Figure 6-11 (a) Morphology of TiO2 particle in and (b) agglomeration of TiO2 on fiber 

interface 
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The antibacterial activities of PL-ECC are evaluated for E. coli inactivation. Three 

different type of lightweight materials are used including air entraining agents (AEA), 

fly ash cenospheres (FAC), and glass bubbles (GB). The effect of using different type 

lightweight materials on antibacterial activity is presented in Figure 6-12. The 

viability of E. coli is estimated by bacterial counting method on agar plates and 

expressed in logarithmic scale. The application of UV/visible light on E. coli strain 

did not affect the viability of living cell in the absence of TiO2 (sample C) while 

strong antibacterial effect was observed for E. coli strain in contact directly with TiO2 

powder under UV/visible light exposure (sample C2).  

 

Figure 6-12 Antibacterial activity of photocatalytic lightweight ECC 

As mentioned before, the loss of cell viability has a direct relationship with the 

duration of light exposure, longer exposure time result in a significant decrease of 

survival ratio. Lightweight ECC using glass bubbles (mix 6 was coded as S4 in this 

test) show the smallest number of viable bacteria after 240 min of UV/visible light 

exposure. Smallest number of viable bacteria indicates it has highest antibacterial 

activity among all four photocatalytic lightweight ECC materials. It is followed by 

antibacterial ECC with AEA (mix 2 was coded as S3). The lowest antibacterial 

activity was observed for the lightweight ECC with FAC as lightweight filler (mix 4 

was coded as S2). 
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The principle techniques of producing lightweight concrete is by utilizing materials 

to create a large proportion of void/pore into the cement matrix (Newman and Owens, 

2003). The pore structure of cementitious material is one of the important factors to 

determine the surface area accessible for photocatalytic process. Generally, 

increasing total porosity could enhance the photocatalytic performance due to the 

increase of accessible active-surface-area (Lucas et al., 2013, Sugrañez et al., 2013). 

TiO2 surface can have a better access to the light irradiation, as the light photon could 

pass along the pore to activate more TiO2 particles. The connectivity of pores also 

determines the rates of intrusion, the rate of bacteria accessing the mass of ECC 

matrix. Insufficient porosity for adsorption of contaminant may lead to negligible 

effect of photocatalytic activity (Rachel et al., 2002). Hence, high porosity is 

favourable for bacteria accessing the internal structure of cement matrix (Poon and 

Cheung, 2007).  

Furthermore, previous study demonstrate that the use of transparent glass cullet show 

higher photocatalytic NOx degradation than coloured glass cullet due to higher light 

transmittance for the transparent one (Guo and Poon, 2013). Due to a better light 

transmittance property, the incident photon penetrates through the matrix of 

lightweight ECC with glass bubbles can illuminate higher TiO2 surface area, resulting 

in higher photocatalytic activity. However, in the case of photocatalytic lightweight 

ECC with fly ash cenospheres, the gray pigment of FAC may absorb the incident 

light/photon energy and hence blocking it to be absorbed by TiO2 nanoparticles. 

6.4. Summary 

In this study, the photocatalytic lightweight engineered cementitious composites (PL-

ECC) for antibacterial application was investigated. Three types of lightweight 

aggregates were evaluated such as fly ash cenospheres (FAC), glass bubbles K-1, and 

air entraining agent (AEA). TiO2 nanomaterials (Aeroxide P25) was incorporated 

into lightweight ECC materials to introduce photocatalytic function for antibacterial 

application. In term of balanced strength and strain capacity, the use of FAC in 

producing lightweight ECC is preferred. However, use of FAC was hindered by a 

significant reduction of antibacterial activity. For antibacterial purpose, light-

coloured lightweight materials with white cement and glass bubbles are preferable to 
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maintain the photocatalytic activity. The use of glass bubble is also preferable to 

prepare lightweight ECC with density lower than 1000 kg/m3 while maintaining the 

tensile strain capacity more than 3%. It should be noted that the antibacterial 

experiment in this study has been primarily concerned with E. coli strain only. Further 

study could be done to investigate the efficiency of TiO2 based cementitious material 

for another pathogenic bacteria or microorganism. 
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Chapter 7. Conclusion and future work 

7.1. Conclusion 

The main objective of this research program is to develop multifunctional 

photocatalytic cementitious materials for self-cleaning and anti-microbial 

application. To achieve these goals, it is imperative to start the research program by 

synthesizing visible light activated photocatalyst. Following chemical synthesis, a 

good dispersion in cementitious materials should be achieved to formulate functional 

cementitious coating. Finally, their photocatalytic performance in self-cleaning and 

anti-microbial will be evaluated; further, the influence of some parameters like 

loading content, TiO2 type, and mixing procedure will be assessed. 

In chapter 3, the research program establishes a clear link between the nanostructure 

of TiO2 and its photocatalytic performance in cementitious material for self-cleaning 

and anti-bacterial application. The first part deals with the nanoscale analysis of 

different TiO2 materials. In particular, the hydroxyl radical production by various 

TiO2 with respect to the TiO2 surface area, morphology, and optical properties is 

investigated. Further, the effect of incorporating TiO2 into cement-based composite 

on its microstructure is evaluated. In the last part, photocatalytic performance for self-

cleaning and anti-bacterial application is assessed. Nanoscale analysis demonstrated 

that Aeroxide P25 showed the highest rate of hydroxyl radical production (by means 

of p-nitrosodimethylaniline/RNO bleaching) owing to its high specific surface area. 

Considering the band-energy level of P25 and RNO, oxidation of RNO by trapped 

holes or hydroxyl radicals is thermodynamically favorable. As a result, cement 

sample containing Aeroxide P25 achieved much higher Rhodamine B (RhB) 

degradation compared to TiO2-anatase and TiO2-rutile with the same loading. The 

addition of TiO2 also improves photoinduced hydrophilicity effect which is favorable 

to enhance self-cleaning activity. Lastly, the strategy to use TiO2-based cementitious 

materials for the exterior building is promising to prevent biofilm formation on the 

surface. Cement surface containing Aeroxide P25 generally displays much less 

infected area / lower bacteria survival compared to control specimen.   
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In chapter 4, graphene oxide–TiO2 (GO–TiO2) composites prepared by a simple 

solution mixing method are evaluated for methylene blue (MB) degradation and 

Escherichia coli (E. coli) decomposition under visible-light irradiation. It is shown 

that particle size, pore structure, and surface charge of TiO2 material plays an 

important role in the photocatalytic performance. The performance improvement can 

be explained by two aspects. Firstly, in addition to strong absorption in the visible 

light range, GO can serve as photosensitizer through which strong Ti-O-C bonds 

formed between TiO2 and GO as confirmed from the redshift of the absorption edge 

to higher wavelength region. Secondly, GO addition can significantly increase the 

dye adsorption capability which can not only be attributed to the increased specific 

surface area of the composites but also the non-covalent interactions between 

graphene layer and MB. The synergy between improved photodegradation activity 

and enhanced dye adsorption capability leads to the excellent photocatalytic 

performance for GO-TiO2 nanocomposite materials. The preliminary study on 

application of GO-TiO2 into cement-based construction materials confirms the 

effectiveness of the composites for disinfection of E. coli. This finding is of 

considerable importance since it suggests that the simple synthesis process still 

provides remarkable improvement in the photocatalytic activity. This simple 

chemical process can be easily scaled up and hence promotes potential wider practical 

applications of GO-TiO2 composites. 

In chapter 5, the work focuses on a study of antibacterial effect of cement-based 

surface mixed with TiO2-based composite. Cement-based samples mixed with 

different TiO2 type such as GO-P25, Krono, and P25 were used for Escherichia coli 

inactivation under visible light irradiation. Specimen with GO-P25 outperformed 

specimens with TiO2-Krono and TiO2-P25 for the antibacterial of E. coli under visible 

light. It is likely that hydrophobicity significantly influences the adhesion of cell onto 

the surfaces. Increasing TiO2 loading results in the increase of water contact angle 

and improve the level of hydrophobicity.  More hydrophobic surface prevents the fast 

contact and adhesion of cell onto cement-based surface, limiting antibacterial effect 

at early stage. It was found that there is a slight reduction of optical bandgap of TiO2 

mixed with cementitious materials in comparison with pure TiO2. The bandgap 

lowering can be due to the presence of localised defect state near the valence and/or 
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the conduction band of TiO2. The presence of the defect states causes the formation 

of an absorption tail that extend the conduction band or valence band into the 

forbidden gap. The defect states could be beneficial for initiating the photocatalysis 

process by reducing the energy needed for photoexcitation through a band-to-tail or 

tail-to-tail transition. 

In chapter 6, TiO2 photocatalyst was incorporated into lightweight ECC materials for 

antibacterial application. In term of, strength performance and strain capacity, the use 

of FAC in producing lightweight ECC is preferred. However, the use of FAC was 

followed by a significant reduction of antibacterial activity. For photocatalytic 

purpose, lighter lightweight materials are preferable to maintain the photocatalytic 

activity. 

7.2. Future Work 

To further promote the potential practical applications of TiO2-based cementitious 

materials for more wide range of applications, several recommendations for the future 

study have been proposed. 

• It should be noted that the antibacterial experiment in this study has been primarily 

concerned with E. coli strain only. Further study could be done to investigate the 

efficiency of TiO2 based cementitious material for another pathogenic bacteria or 

microorganism. 

• The influence factors such as temperature, humidity and UV radiation affecting 

the test results under extreme interaction need to be investigated in the future study 

as this is crucial for the practical application of materials 

• The findings of this study are restricted to the application of TiO2 based 

cementitious materials in laboratories scale, pilot study in a real environmental 

condition should be conducted to analyse a significant environmental factor 

governing the photocatalytic performance. 

• It is recommended that further study could be done to study the effect of 

weathering process on photocatalytic removal of the dye under visible light 

irradiation for maintaining the long-term performance. The photocatalyst lifespan 



116 

 

is obviously important point for economic reason, as it sets optimum run times 

between catalyst regeneration and replacement. 

• Life cycle analysis (LCA) and life cycle cost analysis (LCCA) should be 

considered in the future study to quantify holistically the environmental impact 

and cost effectiveness of the application of photocatalytic-based cementitious 

materials for building construction. 

• The physic-mechanical properties (bondability, wettability, and paintability) of 

the cementitious paints should be optimized by tuning mixing conditions and 

composition. 
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APPENDIX A  

Supporting Information 

for 

TiO2-based cementitious materials for self-cleaning and anti-bacterial 

application: Effect of TiO2 nanostructures on photocatalytic 

performances 

 

Figure S 1: Light source with UV/vis light spectrum for photocatalytic experiment 
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Figure S 2: Portable spectrophotometer (Miniscan EZ 4000S, Hunterlab, USA) to measure 

dye intensity 

 

 

 

Figure S 3: Light meter (Lutron Digital Instruments) to measure light intensity 
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Figure S 4: XRD analysis of different TiO2 materials showing the crystallinity of various 

commercial TiO2 materials 
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Figure S 5: Surface area calculation for Aeroxide P25 using BET Method 
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Figure S 6: Surface area calculation for TiO2-anatase using BET Method 
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Figure S 7: Surface area calculation for TiO2-rutile using BET Method 
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Figure S 8: Absorption spectra of RNO bleaching in aqueous TiO2 suspension (a) TiO2-

anatase, (b) TiO2-rutile, (c) control – A decrease of peak intensity at 440nm indicates the 

formation of OH radicals 
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Figure S 9: SEM images of control specimen (cement paste without TiO2) with 20k, 10k, and 

5k magnification 
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Figure S 10: SEM images of cement paste specimen with 5% Aeroxide P25 showing the 

agglomeration of nanoparticles and densify cement matrix (50k, 20k, and 10k 

magnification) 
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Figure S 11: EDX spectrum analysis for cement paste containing 5% Aeroxide P25 showing 

a presence of Ca, O, Si, and low level of Ti element 
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Bacterial Growth Experiments 

Outdoor Laboratory Classroom Bio-safety hood 

(Negative control) 

Exposing the medium to the air for 5 mins 

  

  

Bacterial growth after 1-day incubation 

    

Bacterial growth after 5-day incubation 

    

 

Figure S 12: Preliminary study on bacterial growth experiment to evaluate the airborne 

bacteria in several locations (indoor and outdoor) 
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Figure S 13: The viability of E. coli after 24-h incubation 

 

  

Figure S 14: The viability of E. coli after 24-h incubation without UV/vis irradiation for 

control specimen and cement sample with 5% Aeroxide P25 
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Figure S 15: Experimental procedure to study the effect of cement pores on antibacterial 

activity 
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APPENDIX B 

Supporting Information 

for 

Graphene-based TiO2 nanocomposites for enhanced visible light 

degradation of organic dye and antibacterial effect of Escherichia coli 

 

 

 

Figure S 16: (a) UV/visible absorption spectra and (b) Bandgap determination of various 

TiO2 
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Figure S 17: N2 adsorption isotherms of TiO2-P25, TiO2-Krono, TiO2-anatase, and TiO2-

rutile 

 

 

Figure S 18: Surface charge of various commercial TiO2 
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Figure S 19: (a) Absorption spectra of RNO bleaching in aqueous TiO2 suspension under 

visible light irradiation and (b) Hydroxyl radical detection by means of RNO bleaching 

 

  

  

Figure S 20: TGA curves of (a) TiO2-P25, (b) GO-P25, (c) GO and (d) TiO2-P25 and GO-

P25 
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Figure S 21: (a) TGA-IR result of GO and (b) CO2 spectrum 
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Figure S 22: XRD patterns of TiO2-P25 and GO-P25 

 

 

Figure S 23: FTIR spectra of GO, TiO2-P25, and GO-P25 
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Table S 1: Surface area of pristine P25, GO, and GO-P25 

TiO2 sample BET-surface area (m2/g) 

TiO2-P25 46.89 

GO 44.96 

GO-P25 54.92 

 

 

Figure S 24: Surface area calculation using BET theory for TiO2-P25 
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Figure S 25: Surface area calculation using BET theory for GO 
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Figure S 26: Surface area calculation using BET theory for GO-P25 

 

 

Figure S 27: Comparison of GO-TiO2 activity prepared by chemical synthesis (GO-P25 (C)) 

and mechanical mixing (GO-P25 (M)) 
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Figure S 28: Experimental procedure for the surface study on anti-bacterial concrete 
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Visible Light Treatment 

0% TiO2 5% TiO2 5% GO-TiO2 

   

No Light Treatment (Dark Condition) 

0% TiO2 5% TiO2 5% GO-TiO2 

   

Figure S 29: The viability of E. coli after 24-h incubation 
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APPENDIX C 

Supporting Information 

for 

Antibacterial potential of cementitious materials containing GO-TiO2 

composites for self-sterilization surface 

 

Calculation of effect estimation 

Using the total under the treatment combinations shown in Table 5-2, the factor 

effects may be estimated as follows: 

𝐴 =  
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴] =  

1

4𝑛
[𝑎 − (1) + 𝑎𝑏 − 𝑏 + 𝑎𝑐 − 𝑐 + 𝑎𝑏𝑐 − 𝑏𝑐] 

= 
1

8
[102% − 159% + 120% − 110% + 92% − 157% + 76% − 87%] 

= 
1

8
[−121%] = −15.2% 

𝐵 =
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐵] =  

1

4𝑛
[𝑏 + 𝑎𝑏 + 𝑏𝑐 + 𝑎𝑏𝑐 − (1) − 𝑎 − 𝑐 − 𝑎𝑐] 

= 
1

8
[−117%] = −14.6% 

𝐶 = 
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐶] =

1

4𝑛
[𝑐 + 𝑎𝑐 + 𝑏𝑐 + 𝑎𝑏𝑐 − (1) − 𝑎 − 𝑏 − 𝑎𝑏] 

= 
1

8
[−79%] = −9.9% 

𝐴𝐵 =
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐵] =  

1

4𝑛
[𝑎𝑏 − 𝑎 − 𝑏 + (1) + 𝑎𝑏𝑐 − 𝑏𝑐 − 𝑎𝑐 + 𝑐] 

= 
1

8
[121%] = 15.1% 
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𝐴𝐶 =
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐶] =  

1

4𝑛
[(1) − 𝑎 + 𝑏 − 𝑎𝑏 − 𝑐 + 𝑎𝑐 − 𝑏𝑐 + 𝑎𝑏𝑐] 

= 
1

8
[−31%] = −3.8% 

𝐵𝐶 =
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐵𝐶] =  

1

4𝑛
[(1) + 𝑎 − 𝑏 − 𝑎𝑏 − 𝑐 − 𝑎𝑐 + 𝑏𝑐 + 𝑎𝑏𝑐] 

= 
1

8
[−55%] = −6.8% 

𝐴𝐵𝐶 =
1

4𝑛
[𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐵𝐶] =

1

4𝑛
[(1) + 𝑎 − 𝑏 − 𝑎𝑏 − 𝑐 − 𝑎𝑐 + 𝑏𝑐 + 𝑎𝑏𝑐] 

=
1

8
[−12%] = −1.6% 
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Calculation of sum of squares 

The replicate n is the number of observations at each run, which is equal to two. The 

sums of squares are calculated as follows: 

𝑆𝑆𝐴 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴)2

8𝑛
=

(−121%)2

16
= 9.2% 

𝑆𝑆𝐵 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐵)2

8𝑛
=

(−117%)2

16
= 8.5% 

𝑆𝑆𝐶 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐶)2

8𝑛
=

(−79%)2

16
= 3.9% 

𝑆𝑆𝐴𝐵 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐵)2

8𝑛
=

(121%)2

16
= 9.2% 

𝑆𝑆𝐴𝐶 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐶)2

8𝑛
=

(−31%)2

16
= 0.6% 

𝑆𝑆𝐵𝐶 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐵𝐶)2

8𝑛
=

(−55%)2

16
= 1.9% 

𝑆𝑆𝐴𝐵𝐶 =
(𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝐴𝐵𝐶)2

8𝑛
=

(−12%)2

16
= 0.1% 

𝑆𝑆𝑇 = ∑ ∑ ∑ ∑ 𝑦𝑖𝑗𝑘𝑙
2 −

𝑦2
…

𝑎𝑏𝑐𝑛

𝑙

𝑙=1

𝑐

𝑘=1

𝑏

𝑗=1

𝑎

𝑖=1

= [(82.5)2 + (76.1)2 + ⋯ + (50.6)2] −
9022

16
 

The total sum of squares is SST = 42.5% and by subtraction SSE = 9.1%. 
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Analysis of variance (ANOVA) 

ANOVA is the most important statistic tool used in DOE. Its task is to decide whether 

and which factors or interactions have significant effect (influence) on the response. 

Table S 2 ANOVA for a three-factor factorial design shows the ANOVA for a three-

factor factorial design. 

Table S 2 ANOVA for a three-factor factorial design 

 

In this case, each factor comprises two levels (a = b = c = 2). 

A SSA a-1 SSA/(a-1) MSA/MSE

B SSB b-1 SSB/(b-1) MSB/MSE

C SSC c-1 SSC/(c-1) MSC/MSE

AB SSAB (a-1)(b-1) SSAB/(a-1)(b-1) MSAB/MSE

AC SSAC (a-1)(c-1) SSAC/(a-1)(c-1) MSAC/MSE

BC SSBC (b-1)(c-1) SSBC/(b-1)(c-1) MSBC/MSE

ABC SSABC (a-1)(b-1)(c-1) SSABC/(a-1)(b-1)(c-1) MSABC/MSE

Error SSE abc(n-1) SSE/abc(n-1)

Total SST abcn-1 SST

Source of 

Variation

Sum of 

Square
Degree of freedom Mean Square F0
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