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0 ABSTRACT 

Titanium (Ti) recently has widely been used in the biomedical applications due to its 

high performance. Therefore, surface modifications of titanium have attracted a lot of 

interest to provide better osseointegration. Ti was subjected to anodic oxidation 

process and in vitro testing to assess the bioactivity of titanium oxide (TiO2) coating. 

TiO2 coating has been anodised at room temperature in different electrolyte; in 

sulphuric acid (H2SO4); phosphoric acid (H3PO4); and a mixture of H2SO4 and H3PO4 

acids. The parameters used in anodization were: concentration of the electrolytes, 

applied voltage and current density. The coated surface is then evaluated using 

different testing techniques; the microstructure using scanning electron microscope 

(SEM); the elemental analysis using Energy-dispersive x-ray spectroscopy (EDX); 

mineralogical and crystal structure using x-ray diffraction (XRD); absorption analysis 

using Fourier transform infrared spectroscopy (FT-IR); and the hydrophilicity using 

water contact angle (WCA). TiO2 was then subjected in vitro testing to assess the 

bioactivity of TiO2 surface; that is the apatite formation ability. The apatite formation 

of the TiO2 coating was precipitated by using simulated body fluid (SBF) in the dark 

and under the ultraviolet (UV) irradiation to mimic the reactions that may occur with 

the human bone-like cells layer. The testing was done to evaluate the apatite’s 

microstructure, mineralogy, elements and absorption. From the results it was found 

that higher apatite was obtained with the increased of the immersion time; higher 

apatite formation and crystallization was found at earlier time of immersion for the 

TiO2 that was immersed in SBF under the UV; higher apatite was obtained on the TiO2 

coatings that were anodised in H2SO4, H3PO4 and mixture electrolyte at lower 

electrolyte concentration. The increased apatite on these coatings can be related to the 

strong Ti-O- functional groups on the coating surface. The highest apatite was obtained 

on the TiO2 coating that was anodised in a mixture electrolyte that has obtained Ti-OH 

functional group. The UV has resulted in the increased Ti-O- and Ti-OH groups, thus 

higher apatite precipitation ability. 
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1 ABSTRAK 

Kebelakangan ini Ti telah banyak digunakan dalam aplikasi bioperubatan disebabkan 

oleh prestasinya yang sangat baik. Oleh yang demikian, ubah suai permukaan Ti telah 

menarik minat ramai untuk menghasilkan sifat biologinya yang lebih baik. Ti adalah 

telah dilakukan kepada proses pengoksidaan anodik dan ujian in vitro untuk menilai 

bioaktiviti salutan TiO2. Salutan TiO2 telah dioksidakan pada suhu bilik di dalam 

larutan elektrolit yang berbeza iaitu; H2SO4, H3PO4 dan campuran asid H2SO4 dan asid 

H3PO4. Pemboleh ubah yang digunakan dalam pengoksidaan anodik adalah: 

kepekatan elektrolit, voltan dan ketumpatan arus. Permukaan salutan kemudiannya di 

analisis menggunakan teknik pengujian yang berbeza; analisis mikrostruktur 

menggunakan SEM, analisis kandungan elemen menggunakan EDX, struktur hablur 

dan mineralogi menggunakan XRD, analisis penyerapan menggunakan FT-IR dan 

hidrofilik menggunakan WCA. Seterusnya ujian in vitro dilakukan untuk menilai 

aktiviti biologi permukaan salutan TiO2. Penilaian aktiviti biologi pada permukaan 

TiO2 dilakukan dengan menggunakan SBF yang dilakukan di dalam keadaan gelap 

dan di bawah UV untuk menyerupai tindak balas yang mungkin terjadi terhadap 

lapisan sel seperti tulang manusia. Ujian ini dilakukan untuk menilai mikrostruktur 

apatit, mineralogi, elemen dan penyerapan. Daripada keputusan ujian tersebut dapat 

disimpulkan bahawa banyak apatit dan tumpat mendap pada lapisan TiO2 yang 

direndam di dalam SBF di bawah sinar UV berbanding salutan yang direndam di 

dalam SBF dalam keadaan gelap terutamanya pada permulaan eksperimen. Penyinaran 

UV juga telah mempercepatkan penghabluran apatit. Semua salutan memperolehi 

nisbah Ca/P apatit tulang dalam julat di antara 1.02 dan 1.57. Didapati juga fungsi 

bumpulan Ti-O menyumbang kepada peningkatan pembentukan apatit dan 

penghabluran untuk salutan oksida dalam larutan elektrolit H2SO4 dan H3PO4. 

Manakala fungsi kumpulan Ti-OH dan campuran ion S dan P dalam salutan telah 

menyumbang pembentukan apatit dan penghabluran yang lebih tinggi. 
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0 ABSTRACT 

Titanium (Ti) recently has widely been used in the biomedical applications due to its 

high performance. Therefore, surface modifications of titanium have attracted a lot of 

interest to provide better osseointegration. Ti was subjected to anodic oxidation 

process and in vitro testing to assess the bioactivity of titanium oxide (TiO2) coating. 

TiO2 coating has been anodised at room temperature in different electrolyte; in 

sulphuric acid (H2SO4); phosphoric acid (H3PO4); and a mixture of H2SO4 and H3PO4 

acids. The parameters used in anodization were: concentration of the electrolytes, 

applied voltage and current density. The coated surface is then evaluated using 

different testing techniques; the microstructure using scanning electron microscope 

(SEM); the elemental analysis using Energy-dispersive x-ray spectroscopy (EDX); 

mineralogical and crystal structure using x-ray diffraction (XRD); absorption analysis 

using Fourier transform infrared spectroscopy (FT-IR); and the hydrophilicity using 

water contact angle (WCA). TiO2 was then subjected in vitro testing to assess the 

bioactivity of TiO2 surface; that is the apatite formation ability. The apatite formation 

of the TiO2 coating was precipitated by using simulated body fluid (SBF) in the dark 

and under the ultraviolet (UV) irradiation to mimic the reactions that may occur with 

the human bone-like cells layer. The testing was done to evaluate the apatite’s 

microstructure, mineralogy, elements and absorption. From the results it was found 

that higher apatite was obtained with the increased of the immersion time; higher 

apatite formation and crystallization was found at earlier time of immersion for the 

TiO2 that was immersed in SBF under the UV; higher apatite was obtained on the TiO2 

coatings that were anodised in H2SO4, H3PO4 and mixture electrolyte at lower 

electrolyte concentration. The increased apatite on these coatings can be related to the 

strong Ti-O- functional groups on the coating surface. The highest apatite was obtained 

on the TiO2 coating that was anodised in a mixture electrolyte that has obtained Ti-OH 

functional group. The UV has resulted in the increased Ti-O- and Ti-OH groups, thus 

higher apatite precipitation ability. 



vi 

 

1 ABSTRAK 

Kebelakangan ini Ti telah banyak digunakan dalam aplikasi bioperubatan disebabkan 

oleh prestasinya yang sangat baik. Oleh yang demikian, ubah suai permukaan Ti telah 

menarik minat ramai untuk menghasilkan sifat biologinya yang lebih baik. Ti adalah 

telah dilakukan kepada proses pengoksidaan anodik dan ujian in vitro untuk menilai 

bioaktiviti salutan TiO2. Salutan TiO2 telah dioksidakan pada suhu bilik di dalam 

larutan elektrolit yang berbeza iaitu; H2SO4, H3PO4 dan campuran asid H2SO4 dan asid 

H3PO4. Pemboleh ubah yang digunakan dalam pengoksidaan anodik adalah: 

kepekatan elektrolit, voltan dan ketumpatan arus. Permukaan salutan kemudiannya di 

analisis menggunakan teknik pengujian yang berbeza; analisis mikrostruktur 

menggunakan SEM, analisis kandungan elemen menggunakan EDX, struktur hablur 

dan mineralogi menggunakan XRD, analisis penyerapan menggunakan FT-IR dan 

hidrofilik menggunakan WCA. Seterusnya ujian in vitro dilakukan untuk menilai 

aktiviti biologi permukaan salutan TiO2. Penilaian aktiviti biologi pada permukaan 

TiO2 dilakukan dengan menggunakan SBF yang dilakukan di dalam keadaan gelap 

dan di bawah UV untuk menyerupai tindak balas yang mungkin terjadi terhadap 

lapisan sel seperti tulang manusia. Ujian ini dilakukan untuk menilai mikrostruktur 

apatit, mineralogi, elemen dan penyerapan. Daripada keputusan ujian tersebut dapat 

disimpulkan bahawa banyak apatit dan tumpat mendap pada lapisan TiO2 yang 

direndam di dalam SBF di bawah sinar UV berbanding salutan yang direndam di 

dalam SBF dalam keadaan gelap terutamanya pada permulaan eksperimen. Penyinaran 

UV juga telah mempercepatkan penghabluran apatit. Semua salutan memperolehi 

nisbah Ca/P apatit tulang dalam julat di antara 1.02 dan 1.57. Didapati juga fungsi 

bumpulan Ti-O menyumbang kepada peningkatan pembentukan apatit dan 

penghabluran untuk salutan oksida dalam larutan elektrolit H2SO4 dan H3PO4. 

Manakala fungsi kumpulan Ti-OH dan campuran ion S dan P dalam salutan telah 

menyumbang pembentukan apatit dan penghabluran yang lebih tinggi. 
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1 CHAPTER 1 

INTRODUCTION 

The increasing demand for the implants nowadays has come vital due to the increased 

population. However, failure of implants is a common occurrence that requires 

expensive and problematic revision surgery.  Hence, there is a widespread effort to 

improve the quality and performance of such implants. Titanium (Ti) and its alloys are 

widely used in biomedical implants especially in dental and hip prostheses because of 

their excellent biocompatibility, superior mechanical properties, and corrosion 

resistance. A new technique to generate a bioactive surface layer, which is 

hydroxyapatite (HA) layer under ultraviolet irradiation (UV) on titanium oxide (TiO2) 

coating in simulated body fluid (SBF) liquid. Therefore, HA is chemically bonded and 

strongly attached to the Ti implant. Moreover, the microstructure of this Ti/TiO2/HA 

can be controlled to facilitate bone ingrowth and, therefore, create better adhesion of 

implant with the surrounding bone in the human body. 

1.1 Background 

Biomaterials as a biomedical engineering field have become a vital area of research, 

as these materials can enhance the quality and longevity of human life and have led to 

a multi-million dollar business (Geetha et al., 2009). Biomaterials as natural or 

artificial materials are used to form structures or implants to replace the lost or diseased 

biological structure for restoration and other function. Thus, biomaterials may help in 

improving the quality of life and longevity of human being. The field of biomaterials 

has shown rapid growth to keep up with the demands of an aging population. 

Biomaterials are used in different parts of the human body as artificial valves in the 
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heart, stents in blood vessels, replacement implants in shoulders, knees, hips, elbows, 

ears and dental structures (Ramakrishna et al., 2001). 

A growing of the aging population in the US had required an increasing need 

of materials for biomedical devices application (Rack and Qazi, 2006). Degeneration 

and deterioration of weight-bearing joints often require surgery to reduce pain and 

increase mobility (Bergallo, 2000). That led to an increasing need for artificial joints 

namely total joint replacement specifically total hip replacement and total knee 

replacement. Due to their complex behavior and the population needs, they have been 

the focus of that field of study (AAOS, 1995). Revision surgeries often take place due 

to the failure of total joint replacement implants, e.g. in the year 2000 revision surgeries 

of have counted about 12.8% of total total hip replacement implants (Rack and Qazi, 

2006). Various metallic materials have been used for total joint replacement for hips, 

knee, and shoulders and other applications include trauma, spinal fixation devices 

cardiovascular and recently spinal discs. The materials used include stainless steel, Co-

Cr-Mo alloys, Ti alloys and other more specialized alloys, e.g. Au-Pd.  

Ti and Ti-based alloys are widely used as biomedical constructing materials, 

especially as a hard tissue replacement and cardiovascular application due to their 

desirable properties, such as relatively low modulus, good fatigue strength, 

formability, machinability, corrosion resistance, and biocompatibility, compared to 

more conventional stainless steels and cobalt-based alloys (Liu et al., 2004; Long and 

Rack, 1998).  

TiO2 is a native oxide film that forms spontaneously on Ti is believed to be the 

reason for the advantageous interactions between the tissue and Ti implant (Hazan et 

al., 1993). However, the poor induction of apatite due to the bio-inertness of Ti and 

TiO2 has led to further biocompatibility improvement through the development of 

apatite coating on TiO2 interface (Hayashi et al., 1989; Kim et al., 1997; Oliva et al., 

1998). Studies found that the bonding between the implant and living bones can be 

achieved by the formation of bone-like apatite HA (Keshmiri and Troczynski, 2003). 

Apatite, due to its excellent biocompatibility, relatively slow biodegradation, and 

tissue bioactivity properties (Spivak et al., 1990), has been considered as a successful 

biomaterial coating promoting osteoconductive bonding of metallic implants. Many 

techniques can introduce apatite particularly HA on the TiO2 surface, such as 

sputtering, plasma spraying, sol-gel processing and biomimetic, as well as the 

development of the composites of these two materials (Milella et al., 2001). 
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Biomimetics is a deposition technique that is used to prepare surfaces that 

provide a favorable bone tissue response, thus enhancing the fixation of bone and 

implants. Via mimicking bone mineralization on crystalline TiO2 (Xia et al., 2010), 

apatite formation on certain substrates (such as alumina and Bioglass®) could be 

observed in vitro when immersed in SBF under the controlled physiological condition 

(Kokubo et al., 1990). Since the formed apatite has characteristics similar to bone 

tissue apatite, it is believed that the kinetics of this process (i.e. the rate of apatite 

nucleation and growth) indicates the bioactive behavior of the substrate in vivo. It is 

also known that the tissue response could be considerably affected by the morphology 

and chemistry of the implant surface, as well as its design and topography (Nordström 

and Muñoz, 2001). 

The resultant sample is to be characterised with scanning electron microscopy 

(SEM) to illustrate the surface image, to investigate the formed anodised TiO2 and the 

precipitated HA on the Ti surface. The chemical elements of the Ti samples can be 

detected by energy-dispersive x-ray spectroscopy (EDX) (Goldstein et al., 2017). The 

hydrophilicity of the Ti surface is to be tested using water contact angle (WCA) 

method (Förch et al., 2009; Zisman, 1964). The sample was also characterised using 

x-ray diffraction (XRD) to identify the atomic planes of a crystal(s) (crystal structure 

analysis) in the crystalline TiO2 and HA (Bragg, 2014; Dana and Ford, 1991; Laue, 

1915). As for the chemical bonds and compounds, it is identified using fourier 

transform infrared spectroscopy (FT-IR). 

1.2 Problem Statement 

Spinal, hip and knee replacements as biomaterials are the most replacements in the 

human body (Ramakrishna et al., 2001). Bone is made naturally made of HA, which 

is considered ceramics. The synthetic ceramics can form bioactive bonding with the 

bone surface by forming apatite layers such as HA and glass-ceramic (A-W). However, 

they can’t be used as bulk replacements due to the lack of fracture resistance (Hench, 

1991a; Kokubo, 1991). The current materials used for biomaterials applications such 

as 316 L stainless steel, Co-Cr alloys, and Ti-based alloys exhibit high fracture 

toughness compared to ceramics bioactive materials (Hench, 1991a; Ratner, 2001; 

Thomsen et al., 1987). However, it tends to fail after long-term use, where problems 
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such as having high modulus compared to bone, low wear and corrosion resistance and 

lack of biocompatibility may occur (Geetha et al., 2009). The main problem of the 

current implants lies in the chemical and physical bonding between the implant surface 

and bone surface interface. Therefore an improvement is needed to enhance the 

implant / bone interface. 

Researchers found that Ti metal and its alloys by subject to several treatments 

can form a bioactive layer on its surface and integrate with the bone (Kim et al., 1999; 

Kokubo et al., 2001; Yang et al., 2004a). Because Ti is a bioinert material; it can’t 

connect to bone tissue directly due to the weak passive layer (TiO2) that forms 

spontaneously on Ti surface. Thus it can’t induces bone growth apatite on it surface. 

Therefore, the various surface modifications have been developed to improve the 

bioactivity of Ti implant surface (Deligianni et al., 2001; Liu et al., 2004; Schwartz et 

al., 1997). 

Studies have contributed to the bioactivity of Ti toward achieving favorable 

bone healing of implant, that is, better cell attachment, proliferation, and 

osseointegration. It is found that these parameters depend on a combination of physical 

and chemical characteristics: microtopography, chemical composition and wettability 

of the implant surface (Das et al., 2007; Park et al., 2009; Yamamoto et al., 2013). 

However, the effects of the surface characteristics on the bioactivity of Ti implants are 

not completely understood. 

TiO2 has naturally formed on Ti surface with approximated layer thickness 

from 1.5 nm to 10 nm after exposing to atmosphere. This surface oxide plays an 

important part in the biocompatibility of Ti. TiO2 exist in three crystal forms: anatase, 

rutile, and brookite (Ding et al., 1996; Ghosh et al., 2003; Smith et al., 2009). Studies 

to increase the oxide layer has been applied to increase the Ti bioactivity such as 

thermal annealing (Feng et al., 2002), chemical synthesis (Samuneva et al., 1993), 

physical vapour deposition (Wu et al., 2006) and anodic oxidation (de Sena et al., 

2003; Sul et al., 2002a; Yang et al., 2004a). 

Anodization is simple techniques that are useful at low temperature (Xiao et 

al., 2003). It is an electrochemical treatment that traditionally has been a surface 

modification method that recently has become an attractive method to produce a 

bioactive oxide layer on metals especially Ti (Sul et al., 2001; Giordano et al., 2011; 

Park et al., 2013). Studies by Cui et al. (2009), Giordano et al. (2011) and Park et al. 
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(2013) have proven that TiO2 films prepared by anodization have increased apatite 

formation HA in vitro treatment in SBF. 

TiO2 that is formed by anodization is mainly anatase and/or rutile (Song et al., 

2009). Anatase obtains superior photocatalytic performance to that of rutile. This is 

due to higher density of localized states and consequent surface-adsorbed hydroxyl 

radicals and slower charge carrier recombination in anatase compared to rutile 

(Sclafani and Herrmann, 1996; Setiawati et al., 2008; Sumita et al., 2002). 

As an effort to increase the bioactivity enhancement of TiO2 coatings, UV 

irradiation was found to induce TiO2 by means of both in vitro and in vivo evaluation. 

Also, the ability of apatite formation on TiO2 was increased with the increase of UV 

irradiation duration (Guo et al., 2010; Miyauchi et al., 2010; Uetsuki et al., 2010; 

Abdullah and Sorrell, 2012). 

Previous studies have reported the exposure of TiO2 to UV prior to in vitro test 

conducted using SBF (Guo et al., 2010; Uetsuki et al., 2010; Miyauchi et al., 2010; 

Iwasa et al., 2010). Also, UV was exposed to TiO2 during the in vitro test in SBF 

(Ueda et al., 2009; Abdullah and Sorrell, 2012). However, the TiO2 in these studies 

have created using different modification techniques, such as dip-coating, chemical 

treatment, sputtering deposition, chemical treatment and gel oxidation. In this study a 

new approach was proposed to generate HA in SBF upon exposure to UV on TiO2 that 

is been formed using anodic oxidation technique using sulfuric acid (H2SO4), 

phosphoric acid (H3PO4) and the mixture of both acids. UV irradiation was used to 

activate the photocatalytic effect of TiO2, which it’s believed to increase the apatite 

formation on TiO2 surface. Therefore, mimicking the reaction between the implant and 

human bone, nonetheless, the microstructure of this Ti / TiO2 / HA can be controlled 

to facilitate bone ingrowth and therefore creating better adhesion of implant with the 

surrounding bone in the human body. 

1.3 Objectives 

This project proposed a new approach to generate HA in SBF upon exposure to UV 

on TiO2 that is been formed using anodic oxidation technique using different 

electrolytes, i.e., individual and mixture electrloytes. This approach has proposed a 



6 

 

better bioactive Ti implant surface that can provide better chemical bonding with the 

bone and therefore create a strong attachment. 

The objectives of this research are summarized as follows: 

i. To determine and analyse the growth of TiO2 on Ti that is formed by anodic 

oxidation in H2SO4, H3PO4 and mixed of (H2SO4+H3PO4) electrloyte. 

ii. To analyse and discuss the effect of applied voltage, electrolyte composition 

and breakdown voltage on the morphology and mineralogy of the TiO2 oxide 

layer. 

iii. To measure and analyse the growth of HA on TiO2 layer in SBF (in vitro 

assessment).  

iv. To evaluate and analyse of HA on TiO2 layer in SBF under UV irradiation (in 

vitro assessment). 

1.4 Significance of Study 

The main aim of this research was to provide thicker TiO2 by anodzing Ti in H2SO4, 

H3PO4, and a mixture of (H2SO4+H3PO4) electrolyte provide significant information 

on the characterisation of HA/TiO2/Ti composite that is fabricated by a new technique 

of in vitro test using SBF under UV irradiation on anodised Ti. This new approach was 

to provide a strong chemical bonding attachment between Ti implant and the bone. 

1.5 Scope of Study 

The research was conducted within the following boundaries: 

i. Sample preparation of commercially pure titanium (Cp-Ti grade 2) for anodic 

oxidation. 

ii. Fabrication of photocatalytic (TiO2) surface layers of controlled thickness and 

pore size on Ti by anodizing in H2SO4, H3PO4 and mixed electrolyte (H2SO4 + 

H3PO4). 

iii. Parameters for anodic oxidation used are: 

a. At voltages (100,150 and 180 V),  

b. At current density (60 and 100 mA.cm-2) 

c. Time (10 min)  
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d. Electrolyte concentration of (0.1, 0.3 and 2 M) for H2SO4 (S) and 

H3PO4 (P) and, (0.1 S + 0.1 P, 0.1 S + 0.3 P, 0.3 S + 0.1 P, 0.1 S + 2.0 

P and 2.0 S +0.1 P). 

e. Characterisation of fabricated TiO2 by using SEM, EDX, AFM, 

WCA, XRD and FT-IR testing. 

f. Preparing of simulated body fluid (SBF).  

g. Precipitation of HA on the TiO2 using SBF. 

h. Precipitation of HA under UV irradiation on the TiO2 using SBF. 

i. Characterizing the formed HA using SEM, EDX, XRD, and FT-IR



 

 

2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction  

Ti recently has widely been used in clinical biomedical application due to its high 

performance especially in total knee replacement and total hip replacement in the 

human body. However, great efforts are been made by researchers to enhance the 

performance titanium implants in vivo. Therefore surface modifications of titanium 

have attracted a lot of interest. Many techniques have been used to deal with the 

surface of titanium implants to provide better biological outcomes. One of the 

techniques is to generate bioactive surface layer hydroxyapatite (HA) on titanium 

oxide (that is formed via anodization of titanium) through precipitation into SBF 

under UV light. This chapter has also covered related researches in the same area of 

study. 

2.2 Biomaterials 

Biomaterials are materials of nature of man-made origin, which are distinguished from 

any other materials by its ability to co-exist in contact with body’s tissues without 

causing an unacceptable degree of harm to the body. It is used to replace and/or restore 

form and function of traumatized or degenerated tissues or organs, and to improve the 

quality and longitively of the life of the human being (Geetha et al., 2009; Williams, 

2008; Ramakrishna et al., 2001). Examples of multiple field applications that 

contribute to the development of biomaterials in medicine and dentistry are observed 

in (Table 2.1). 
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Table 2.1: Fields of knowledge to develop biomaterials (Von Recum, 1994) 

Discipline Applications 

Science and 

engineering 

Structure-property relationship of synthetic and biological materials, including 

metals, ceramics, polymers, composites, tissues (blood and connective tissues) 

Biology and 

physiology 

Cell and molecular biology, anatomy, animal and human physiology 

Clinical science Dentistry, maxillofacial, neurosurgery, plastic and reconstructive surgery 

2.3 Biomaterials Properties 

Biomaterials are expected to work in aggressive natured body’s environment without 

any considerable amount of harm. Over the past 40 years, there have been efforts 

which led to considerable progress in understanding the interactions between the 

materials and tissues (Ramakrishna et al., 2001). The performance and applications of 

biomaterials in biological systems are of critical importance for the development of 

biomedical implants and tissue engineering (Niinomi, 2008a).  

Metals and their alloys, polymers, ceramics, and composites are common 

biomaterials used in medical applications. These materials have a different atomic 

arrangement, which gives unique diversity in their structural, physical, chemical and 

mechanical properties, and these different properties offer alternative applications in 

the human body.  

Polymers exhibit flexibility, low mechanical strength, and stiffness. They are 

attractive materials in various soft tissue replacement and proliferation such as 

cardiovascular devices. They are also used in drug delivery systems, diagnostic 

supports and as a reconstructive material for tissue engineering (Yoruç and Şener, 

2012). Synthetic and natural polymers are different types of materials that can be used 

as biomaterials in biomedical implants. 

Ceramics are desirable biomaterials due to their biocompatibility properties, 

such as bioactive, bioinert and biodegradable properties. However, ceramics exhibit 

significant disadvantages such as high brittleness and low strength. Known ceramics 

used as biomaterials such as aluminium oxide (Al2O3) and zirconia (ZrO2) (Mihov and 

Katerska, 2010). 

Composites are materials composed of two or more of a different or same 

material. A composite is a material comprised of two or more metal, polymer or 

ceramic structures which are separated by an interface. For example, a composite try 
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to combine the features of a stiff ceramics and flexible polymers to get superior 

properties from both materials. Composite materials have long been used in innovative 

technological applications due to their superior mechanical properties. 

Metals and their alloys exhibit high strength, elastic modulus, and fatigue 

properties, which make them attractive materials for load bearing applications (Yoruç 

and Şener, 2012). Metals used as biomaterials such as stainless steel, cobalt (Co)-

chromium (Cr) and Ti and Ti-based alloys are currently used as structural materials in 

hard tissue replacements (Niinomi, 2008a). Among bio-metals, Ti and Ti-based alloys 

are considered the most attractive biomatels in biomedical applications due to their 

good combination of superior biocompatibility and good strength (Elias et al., 2008; 

Izman et al., 2012; Niinomi, 2008b). Due to these properties Ti and Ti-based alloys 

have demonstrated success in the biomedical implants and devices (Elias et al., 2008). 

2.3.1 Mechanical Properties of Biomaterials 

Generally, biomaterials must exhibit the following properties and characteristics that 

may refer as (mechanically biocompatible): 

i. High strength for long fatigue life (fatigue resistance).  

ii. A low Young’s modulus equivalent to that of the cortical bone in order to 

inhibit bone absorption.  

iii. Various characteristics such as super-elasticity and shape memory. 

iv. High wear and fretting (corrosion resulted from wear) fatigue resistance. 

The Young’s modulus and tensile strength, ductility, fatigue life, fretting 

fatigue life, wear properties and functionalities should be controlled so that their levels 

are suitable for structural biomaterials used in implants that replace hard tissue 

(Niinomi, 2008b). 

Metals, ceramics, and polymers have to exhibit structural and mechanical 

compatibility with tissues. The mechanical and chemical advantages and 

disadvantages of most biomaterials are listed in Table 2.2. In general, tissues are 

grouped into soft tissues and hard tissues. Soft tissues (e.g. skin, blood vessels, 

cartilage, and ligaments) exhibit low mechanical and structural properties which are 

preferred to be replaced with polymers biomaterials. Hard tissues like bone and tooth 

have higher elastic modulus and stronger tensile strength than the soft tissues, which 
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are preferred to be replaced with metals and ceramics. However, metals and ceramics 

have elastic modulus of 10-20 times greater than the values of hard tissues. This 

difference is a major problem in orthopaedic implantation due to the variation in stress 

distribution between the implant and bone under load (Ramakrishna et al., 2001). 

 

Table 2.2: The mechanical and chemical advantages and disadvantages of 

biomaterials 

Biomaterial Advantages Disadvantages References 

Metals Strength, ductility, wear 

resistance 

low biocompatibility 

corrosion, stiffness, density, metal 

ion releasing on body system 

(Ramakrishna et al., 

2001)  

Ceramics Biocompatibility, 

corrosion resistance, 

compressive resistance 

Brittleness, low fracture strength, 

production difficulties 

Polymers Flexibility Low strength, low stiffness (Yoruç and Şener, 

2012)  

 

Ceramics are brittle and hard materials due to their strong ionic and covalent 

bonding of their structure (Yoruç and Şener, 2012) which has restricted their field of 

application in biomedics (Vallet-Regi, 2001). The poor tensile strength and brittleness 

properties of ceramics and glasses are their main disadvantages. They also fail at low 

stress under tension and bending loads, however, they have an exceptional 

compressive strength (Yoruç and Şener, 2012). Alumina (Al2O3) and zirconia (ZrO2) 

have the highest mechanical properties among bioceramics, which made them be used 

in load bearing applications in (Vallet-Regi, 2001). The mechanical properties of these 

bioceramics and bone are listed in Table 2.3. From the table, it can be seen that alumina 

has desirable mechanical characteristics such as high hardness, good abrasion 

resistance, excellent wear and fraction behavior (Thamaraiselvi and Rajeswari, 2004). 

Phosphates are bioactive bioceramics that have a similar mineral component to bone 

(Vallet-Regi, 2001). The mechanical properties of phosphates make them unsuitable 

for load bearing applications (Yoruç and Şener, 2012). A member of phosphate family, 

that is, HA (Ca10 (PO4)6 OH). HA is weak and brittle material, however, it has excellent 

biocompatibility, which makes it used widely as an interfacial of many orthopaedic 

and dental implants with the biological system (Oldani and Dominguez, 2012). 

Mechanical properties of HA are shown in Table 2.3.
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Table 2.3: Mechanical properties of some bioceramics and bone  

(Thamaraiselvi and Rajeswari, 2004) 

 

Material 

Young’s 

modulus 

(GPa) 

Compressive 

strength 

(MPa) 

Bond 

strength 

(GPa) 

 

Hardness (HV) 

Density 

(g/cc) 

KIc 

(MPa m1/2) 

Al2O3 (Inert) 380 4000 300-400 2000-3000  >3.9 5.0-6.0 

ZrO2 (PS) 150-200 2000 200-500 1000-3000  ~ 6.0 4.0-12.0 

Bioactive HA 73-117 600 120 350 3.1 <1 

Bone 3-30 130-180 60-160 NA NA NA 

 PS: Partially stabilized, NA: Not available. 

 

Biocomposite materials have been developed in order to combine the 

bioactivity of ceramics and mechanical properties of metals (Oldani and Dominguez, 

2012), also combined with the stiffness of ceramics and the flexibility of polymers 

(Yoruç and Şener, 2012). These properties are considered when combining 

biomaterials as composites. Biomedical composites which show continuous 

progression are very attractive and promising engineering materials made from two or 

more constituents with different physical properties (Scholz et al., 2011). 

Biometals such as stainless steel (grade 316L) and Co-based alloys have been 

used as implants due to their good biocompatibility, but physically and mechanically 

they have encountered problems such as heavyweight and stress shield effect in load 

bearing applications (Kumar et al., 2010). This group of biometals has gradually been 

replaced by another lighter biometal such as Ti-based alloys. Table 2.4 list some 

mechanical properties of common biometals used in medical applications. Ti and Ti-

based alloys exhibit great tensile strength, good overall strength (Williams, 2008) and 

low Young´s modulus (Ratner, 2001). These properties made them be considered as 

the most convincing materials in medical applications nowadays when compared to 

stainless steels and Co-based alloys (Izman et al., 2012). Table 2.4 observe a relative 

scale of mechanical characteristics of biometals alloys. The most widely used Ti-based 

alloy is grade 5 and grade 2 for unalloyed Ti, according to ASTM F67 and ASTM 

F136 respectively. 

It’s important to mention about the mismatch of Young’s modulus between the 

Ti implant (103-120 GPa) as seen in Table 2.4 and bone (10-30 GPa), which is 

unfavourable for bone healing and remodeling. However, there is a contradiction 

between elastic modulus and other mechanical properties such as contradiction 

between elastic modulus and strength (Elias et al., 2008). Wear debris generated from 
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these articulation joints can induce inflammation problem and toxic effect to the 

human body. 

Many new Ti alloys have been developed to overcome such problem. For 

example, alloys such as Ti-Nb and Ti-Zn based alloys. These alloys have a high 

strength to weight ratio but they suffer from poor tribological properties especially 

when applied to joint movements (Izman et al., 2012). 

 

Table 2.4: Properties and characteristics of common used biometal alloys 

 
Stainless steels Co-base alloys 

Ti and Ti-based 

alloys 

References 

Grade Stainless steel Co-Cr alloy α  and α-β  alloy (Davis, 2006; Silver 

and Christiansen, 

1999)  
Type 

F55, F138, 

F745 

F75, F90, F562, 

F563 
F67, F136 

Ultimate tensile strength 

(MPa) 
480-860 655-1586 240-896 

Yield strength (MPa) 170-690 276-1586 170-827 (Silver and 

Christiansen, 1999) Ultimate stain (%) 12-40 8-50 10-24 

Young’s modulus (GPa) 193 
210 (F90) 

232 (F562) 

103-107 (F67) 

114-120 (F136) 

(Davis, 2006)  

Stiffness High Medium Low (BomBac et al., 

2007) Strength Medium Medium High 

Corrosion Resistance Low Medium High 

Biocompatibility Low Medium High 

2.3.2 Biocompatibility Properties of Biomaterials 

Biocompatibility is the ability of a foreign object to live inside the human body with a 

minimum of rejection or inflammatory response with the surrounding tissue (Geetha 

et al., 2009; Hollinger, 2011; Williams, 2008). 

According to the biocompatibility of biomaterials, the interaction between the 

human body tissue and the implant can undergo different reactions, and any reaction 

between the human body tissue and implants depend on the tissue response to that 

implant. These reactions can classify the materials into bioactive, bioresorbable and 

bioinert materials (Table 2.5) (Langer and Peppas, 2003; Hench 1991b; LeGeros, 

1988). 

Bioinert materials refer to materials with minimal interaction with the 

surrounding tissue, for that a fibrous capsule might form around the implant. Bioactive 

refers to a material that interacts with the surrounding tissue with the bone tissue 
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through kinetic modification, where an ion-exchange reaction takes place and results 

in a formation of carbonate apatite between the implant and the surrounding body 

fluids. Bioresorbable materials have the ability to get dissolved upon interacting with 

the human body and being replaced by advanced tissue (Heness and Ben-Nissan, 

2004). 

 

Table 2.5: Classification of biomaterials based on its interaction with its surrounding 

tissue 

Classification Response Example material Effect References 

Bioinert 

(biotolerant) 

materials 

Formation of thin 

connective tissue 

capsules (0.1-10 µm) 

and the capsule does 

not adhere to the 

implant surface 

Poly tetra fluorethylene 

(PTFE), 

polymethylmethaacralyte 

(PMMA), Ti, Co-Cr, 

Stainless steel, Al2O3, 

ZrO2, Ultra high molecular 

weight polyethylene 

(UHMWP) 

Rejection of 

the implant 

leading to 

failure of the 

implant 

(Geetha et 

al., 2009)  

 

(Heness and 

Ben-Nissan, 

2004) 

Bioactive 

materials 

Formation of bony 

tissue around the 

implant material and 

strongly integrates 

with the implant 

surface 

Bioglass, synthetic calcium 

phosphate, hydroxylapatite 

(HA), 

carbonate apatite CHA, 

class ceramic A-W 

Acceptance of 

the 

implant 

leading to 

success of 

implantation 

(Geetha et 

al., 2009)  

 

(Heness and 

Ben-Nissan, 

2004) 

Bioresorbable 

materials 

Replaced by the 

autologous tissue 

Polylactic and polyglycolic 

acid copolymers 

and processed bone grafts, 

composites of all tissue 

extracts or proteins and 

structural support system, 

tricalcium phosphate 

(Ca3(PO4)2), calcium oxide, 

calcium carbonate and 

gypsum 

Acceptance of 

the 

implant 

leading to 

success of 

implantation 

(Geetha et 

al., 2009)  

 

 

 

 

(Heness and 

Ben-Nissan, 

2004) 

 

The ability of an implant to integrate with the adjacent bone and the soft tissues 

depend on the implant material surface conditions (Viceconti et al., 2000). Studies 

have demonstrated that material’s surface topography, surface chemistry and surface 

energy influence the cell material interaction and biological response, where a good 

surface conditions lead to rapid and strong bone integration between the bone and the 

implant, and therefore their osseointegration (Das et al., 2007; Geetha et al., 2009; 

Park et al., 2009). 

Synthetic polymers lack biocompatibility and often cause inflammatory 

reactions, i.e., swelling. Therefore, researches recently focused on the possibility of 
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usage of natural polymers such as chitosan, carrageenan, and alginate (Yoruç and 

Şener, 2012). 

Ceramics are desirable materials due to their biocompatible properties (Yoruç 

and Şener, 2012). Bioceramics observe three types of biocompatibility: bioinert 

ceramics, bioactive ceramics which form direct chemical bonding with bone and/or 

soft tissues in biological system, bioresorbable ceramics that actively participate in the 

metabolic activities in organism (Messer et al., 2003; Thamaraiselvi and Rajeswari, 

2004; Yamamoto et al., 2004). Most researches have been focused on the interfacial 

reactions of HA with the biological system. HA has an excellent biocompatibility and 

is bioactive, due to their chemical structure very similar to the mineral phase of bone. 

It’s a popular surface coating material for stainless steel, Ti and Ti-based alloys 

implants (Yoruç and Şener, 2012). Examples of Ceramics used in medical applications 

are listed in Table 2.6. 

 

Table 2.6: Ceramics used in medical applications (Yoruç and Şener, 2012) 

Bioeramic Biocompatibility 

Alumina (Al2O3) Bioinert 

Zirconia (ZrO2) 

Pyrolytic carbon 

Bioglass (Na2OCaOP2O3-SiO) Bioactive 

Hydroxyapatite (Ca10(PO4)6(OH)2 Biodegradable 

Tricalcium phosphate (Ca3(PO4)2 

 

Biocomposites try to improve the biocompatibility of implants by combining 

two or more biomaterials (Kurtz, 2003). An example of biocomposites is metal-

ceramic composite, where ceramics used as coating materials to improve the 

biocompatibility of metals. HA/Ti composite is considered one of the promising 

ceramic-metal biocomposites used to develop the bioactivity and to increase the 

lifetime of implants (Oldani and Dominguez, 2012). 

Biometals such as stainless steel and Co-based alloys have been used for 50 

years in medical applications due to their good biocompatibility. These materials 

gradually have been replaced with a more biocompatible biometal that is Ti and Ti-

based alloys. Table 2.4 list a relative scale of biological characteristics of common 

biometals alloys. Because of their superior biocompatibility and tissue acceptance, Ti 

and Ti-based alloys did acquire a huge interest in medical applications (Elias et al., 

2008; Niinomi, 2008b; Williams, 2008). 
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The main physical properties of Ti responsible for the biocompatibility are: 

i. Low level of electronic conductivity,  

ii. High corrosion resistance, 

iii. Thermodynamic state at physiological pH values,   

iv. The low ion-formation tendency in aqueous environments, and an isoelectric 

point of the oxide of 5-6.  

v. The passive film covered surface is slightly negatively charged at physiological 

pH, titanium has a dielectric constant comparable to that of water with the 

consequence that the Coulomb interaction of charged species is similar to that 

in water (Niinomi, 2008b). 

Ti-6Al-4V (grade 5) and Cp-Ti (grade 2) are the most used Ti grades in 

orthopaedic and dentistry implantation, respectively (Elias et al., 2008). However, for 

permanent implant applications, Ti-6Al-4V has a possible toxic effect result from 

released vanadium (V) and aluminium (Al). For this reason, V and Al free-Ti alloys 

have been introduced for implant applications, such as Ti-Nb and Ti-Zr based alloys 

(Elias et al., 2008; Izman et al., 2012). Cp-Ti is considered to have the most 

biocompatibility among biometals because its surface properties result in the 

spontaneous build-up of a stable and inert oxide layer (Elias et al., 2008). 

Post-implantation is a very critical stage where the interaction between the 

implant and the human body tissue is evaluated. The possibility of toxication to the 

host body is an issue in either the short or long run. Hence, the materials of the implant 

have the major role to the responses of the biological environment and therefore 

surface modification is often required to improve the biological and tribological 

properties of the implants (Huang et al., 2006; Kumar et al., 2010). Ti is classified as 

a bioinert metal (Yamamuro, 1989), therefore researches have been made to develop 

a bioactive ceramic surface modification on Ti and Ti-based alloys surface (Niinomi 

et al., 2005). 

2.4 Types of Biomaterials 

In general, most of the materials used in medical and/or dental applications can be 

categorized as follows: 

i. Metallic biomaterials 
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ii. Ceramic biomaterials 

iii. Polymeric biomaterials 

iv. Composite biomaterials 

Metallic materials include pure metals and alloys, ceramics include glasses, 

glass-ceramics, and carbons, and the polymers include thermosets, thermoplastics, 

elastomers and textiles (Williams, 2008). 

2.4.1 Metallic Biomaterials 

Biometals used in implants due to their excellent electricity and thermal conductivity 

and mechanical properties (Black, 2005). Biometals are most widely used for load-

bearing implants. In addition to orthopaedics, they are also used in maxillofacial 

surgery, cardiovascular surgery and dental implants (Khan et al., 2007). Table 2.7 list 

some known biometals used in medical and dental applications. They were used to 

manufacture implants due to their tolerance in the human body in the minute amount. 

This is natural since the red blood cells have essential metallic elements such as Fe 

and/or Co for vitamin B12 synthesis (Black, 2005). 

 

Table 2.7: Examples of biometals used in medical and dental applications 

 

The most commonly used biometals in medical and dental applications are 

stainless steels (Khan et al., 2007), Co base alloys, Cp-Ti and Ti-based alloys and some 

other biometals (Agrawal, 1998). The advantages and disadvantages of these biometals 

are listed in Table 2.8. 

Biometals Principle application References 

316L stainless steel Fracture fixation, stents, surgical instruments (Williams, 1990) 

Ti and Ti-based 

alloys 

Bone and joint replacement, fracture fixation, dental 

implants, pacemaker encapsulation 

Co-Cr based alloys Bone and joint replacement, dental implants, dental 

restorations, heart valves 

Ni-Ti Bone plates, stents, orthodontic wires 

Gold alloys Dental Restorations 

Silver products Antibacterial agents 

Platinum and Pt-Ir Electrodes 

Hg-Ag-Sn amalgam Dental restorations 

Cp-Ta  Nerve anastomoses, clips for ligation of vessels and 

staples for abdominal surgery and as pliable sheets 

and plates for cranioplasty and reconstructive surgery 

(BomBac et al., 

2007) 
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Table 2.8: Properties and characteristics of some most common used biometal alloys 

 Stainless steels Co-base alloys Ti and Ti-base alloys References 

Grade Stainless steel Co-Cr alloy α  and α-β  alloy (Davis, 2006; 

Silver and 

Christiansen, 

1999)  

Type F55, F138, F745 F75, F90, F562, F563 F67, F136 

Advantages Cost, availability,  

processing 

Wear resistance, 

corrosion resistance, 

fatigue strength 

Biocompatibility, 

corrosion, minimum 

modulus, fatigue 

strength 

Disadvantages Long-term 

behaviour, high 

modulus 

High modulus, 

biocompatibility 

Lower wear resistance, 

low shear strength 

2.4.2 Ceramic Biomaterials 

Ceramics are used as biomaterials because: 

i. Relativity inert to the body fluids.  

ii. High compressive strength. 

iii. The aesthetically pleasing appearance which led to being used in dentistry as 

a dental crown.  

iv. High specific strength, which makes it used as reinforcement for composites 

and for tensile loading applications (Park and Lakes, 2007).  

One of the primary restrictions on the clinical use of bioceramics is the 

uncertain lifetime under the complex stress states, slow crack growth, and cyclic 

fatigue that arise in many clinical applications. Bioceramics can be single crystals; 

(sapphire), polycrystalline; (alumina or hydroxyapatite (HA)), glass (Bioglass®), 

glass-ceramics (Ceravital® or A/W glass-ceramic), or composites (stainless-steel-

fiber-reinforced Bioglass® or polyethylene-hydroxyapatite (PE-HA) (Hench and 

Ethridge, 1982). 

Table 2.9 summarizes and classifies the mechanism of bioceramics-tissue 

attachment, with examples. There are three types of bioceramics according to human 

body response, bioinert, bioresorbable and bioactive ceramics. 

2.4.2.1 Bioinert Ceramics 

Bioinert ceramics refer to bioceramics that maintain their physical and mechanical 

properties while in the host body (Wong et al., 2013). Examples of bioinert ceramics 
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are listed in Table 2.10. Bioinert ceramics are typically used as structural-support 

implants. Some of these are bone plates, bone screws, and femoral heads. Examples of 

nonstructural support uses are ventilation tubes, sterilization devices (Feenstra, 2018) 

and drug delivery devices (Wong et al., 2013). 

 

Table 2.9: Types of bioceramics-tissue attachment and bioceramic classification 

(Hench, 1991a) 

Type of 

bioceramics 

Type of attachment example Examples 

 

1 

Dense, nonporous, nearly inert growth into surface 

irregularities by cementing the device into the tissues, or by 

press fitting into a defect (termed morphological fixation). 

Al2O3 (single crystal 

and ceramics attach by 

bone polycrystalline) 

 

2 

For porous inert implants bone in-growth occurs, which 

mechanically metals attaches the bone to the material 

(termed biological fixation). 

Al2O3 (porous 

polycrystalline) 

Hydroxyapatite-coated 

porous 

 

3 

Dense, nonporous, surface-reactive ceramics, glasses, and 

glass-ceramics attach directly by chemical bonding with the 

bone (termed bioactive fixation). 

Bioactive glasses 

Bioactive glass-

ceramics 

Hydroxyapatite 

 

4 

Dense, nonporous (or porous), resorbable ceramics are 

designed to be slowly replaced by bone. 

Calcium sulfate (plaster 

of Paris) 

Tricalcium phosphate 

Calcium phosphate salts 

 

Table 2.10: Examples of relatively bioinert bioceramics 

Bioinert Ceramics Applications References 

Pyrolitic carbon 

coated devices 

Percutaneous access devices 

Artificial heart valve 

(Hench, 2013)  

Zirconia (ZiO2) Orthopaedic load bearing application 

Alumina (Al2O3) Otolaryngological implants, maxillofacial 

reconstruction, dental implants, alveolar ridge 

augmentation, orthopaedic load bearing application 

Ossicular (middle ear) bone substitutes 

Coatings for tissue ingrowth 

(Hench, 2013) 

 

 

(Cerruti, 2004)  

(Hench, 1991a) 

Calcium aluminates 

(CA) 

Dental restorative material 

 

Load-bearing application, filler, strengthening 

material, eg; vertebroplasty 

Bone repairing and substituting material in dental 

and orthopedic application 

(Kraft and 

Hermansson, 2003) 

(Morejón-Alonso et 

al., 2009) 

(LeGeros, 1988)  

Titania (TiO2) Coatings for hard tissue replacements implants (Chu, 2013)  
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2.4.2.2 Bioresorbable Ceramics 

Resorbable ceramics tend to degrade upon implantation in the host and replaced with 

tissues. The rate of degradation varies from material to material (Wong et al., 2013). 

Examples of resorbable ceramics are listed in Table 2.11. 

 

Table 2.11: Examples of biodegradable bioceramics (Wong et al., 2013) 

Biodegradable or 

Resorbable Ceramics 

Applications References 

Aluminium-calcium-

phosphorous oxide 

(ALCAP) 

Femur bone replacement (Mattie and Bajpai, 1988)  

Glass fibers and their 

composites (FGC) 

Dentistry, bone plates, implants and 

prostheses 

(Zhang and Matinlinna, 

2011)  

Calcium sulfates, 

including Plaster of 

Paris 

Fill bone defects and periodontal defect 

repair 

Degradable spinal cord scaffolds. 

(Thomas and Puleo, 2009)  

 

(Åberg et al., 2012)  

Dense HA Otolaryngological implants, 

Bone graft substitutes 

(Hench, 2013) 

(Jordan et al., 2002)  

Tricalcium phosphate 

(TCP) 

Alveolar ridge augmentation, periodontal 

pocket obliteration, bone space fillers 

(Hench, 2013) 

Calcium phosphate 

salts 

Periodontal pocket obliteration, bone space 

fillers. 

Bone repair and augmentation, drug delivery 

device 

Coatings for metal implants 

(Hench, 2013)  

 

(Kalita, Bhardwaj and 

Bhatt 2007) 

 

(Vallet-Regi, 2001)  

2.4.2.3 Bioactive Ceramics 

These materials tend to form a strong bond with adjacent tissue. Examples of surface 

reactive ceramics listed in Table 2.12. They are used as a coating to the metal implants 

and prostheses due to the stronger bonding they provide to the adjacent tissues. 

Among these materials porous HA coating used for chemical bonding (orthopaedic, 

dental, and maxillofacial prosthetics) (Hench, 1991a). 

2.4.3 Polymeric Biomaterials 

Polymeric biomaterials are advantageous over metal or ceramic materials because of:
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Table 2.12: Examples of active bioceramics 

Surface reactive 

bioceramics 

Applications References 

(CeravitalTM) 

Glass-ceramics 

Implant in middle-ear surgery to replace ossicles (Hench, 1991)  

Porous 

hydroxapatite 

Coating for chemical bonding (orthopaedic, dental, and 

maxillofacial prosthetics), dental implants 

Bioglasses Cranial repair, otolaryngological implants, maxillofacial, 

dental implants, alveolar ridge augmentation, periodontal 

pocket obliteration, percutaneous access devices 

(Hench, 2013) 

Glass-ceramics Otolaryngological implants, percutaneous access devices, 

spinal surgery, iliac crest repair 

Coating for chemical bonding (orthopaedic, dental, and 

maxillofacial prosthetics), dental implants 

(Hench, 2013)  

 

(Hench, 1991a) 

 

i. The ease of manufacturability to produce various shapes (latex, film, sheet, 

fibres). 

ii. Ease of secondary processability. 

iii. Reasonable cost. 

iv. Availability with desired mechanical and physical properties.  

Polymers are generally classified into three categories depending on their source: 

i. Natural polymers: These are obtained from natural sources (plants and animal 

origin). However, they suffer from various disadvantages such as the 

possibility of antigenicity; the possibility of microbial contamination and 

source-to-source variability of properties (Venkatraman et al., 2008). Natural 

polymers used in biomedical applications such as tissue regeneration and drug 

delivery systems (Yoruç and Şener, 2012). 

ii. Synthetic polymers: They are based on totally synthetic sources. Natural 

polymers have been replaced with synthetic polymers due to their ease of 

production, availability, and versatility of properties (Venkatraman et al., 

2008). Hence, Synthetic polymeric materials have been widely used in medical 

applications (Lee, 1989). However, only 10 to 20 synthetic polymer type used 

in fabrications from disposable to long-term implants out of hundreds of types 

used in the medical device (Wong et al., 2013). The main disadvantage of 

synthetic polymers is the general lack of biocompatibility in the majority of 

cases, often associated with inflammatory reactions. Therefore, recent 

researches have focused on the usage possibilities of natural origin polymers 

such as chitosan, carrageenan, and alginate. Examples of the synthetic polymer 
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is Poly(methylmethacrylate) that is used in dental implants and bone 

replacements (Yoruç and Şener, 2012). Examples of polymers used for total 

joint replacements and dental implants are listed in Table 2.13. 

 

Table 2.13: Some polymers used for total joint replacements and dental implants 

(Angelova and Hunkeler, 1999) 

Polymer Applications 

Low and high density polyethylene  Knee, hip, shoulder joints 

Polymethylmethacrylate (PMMA)  Dental restorations, intraocular lenses, 

joint replacement, e.g. bone cements 

 

Polymers can be categorized into two types regarding tissue attachment reaction to: 

i. Non-biodegradable polymers: Polymers that maintain their physical and 

mechanical properties while they are in the host body. Table 2.14 list 

properties and medical applications of some non-biodegradable polymers. 

ii. Biodegradable polymers: Polymers that can react with the surrounding tissue 

to restore the later function over time after having benefited from the degraded 

polymer. The degradable nature of this material allows for its temporospatial 

clearance from the body (Commandeur et al., 2006). Table 2.15 list potential 

applications of some biodegradable polymers. 

 

Table 2.14: Examples of non-biodegradable polymers 

Non-biodegradable polymer Applications References 

Ultrahigh molecular weight 

polyethylene (UHMWPE) 

Bearing materials in total joint 

replacements 

(BomBac et al., 2007)  

Polymethylmethacrylate (PMMA) Bone cement total joint replacement 

stem, replacement of intraocular 

lenses, injections to reduce wrinkles 

and scars 

(Agrawal, 1998) 

Polyetheretherketone Trauma, orthopaedic and spinal 

implant. 

Polyethylene terephthalate (PET) Sutures, surgical mesh, cascular 

grafts, sewing cuffs for heart valves 

and components for percutaneous 

access devices 

(Metzger, 1976)  

2.4.1 Composites Biomaterials 

The use of composites in biomedical application is due to the following reasons: 
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Table 2.15: The potential applications of biodegradable synthetic biopolymers 

(Tian et al., 2012) 

Biodegradable polymer Applications 

Polyanhydrides Bone 

Polyurethane Vascular, Bone 

Polyelectroactive materials Nerve 

Polyphosphoester Bone 

Poly(propylene fumarate) Bone 

Polyesterurethane Genitourinary 

 

i. To closely match or exceed the mechanical properties of the natural tissue that 

is replaced for soft tissue, e.g. tendons and the intervertebral disc (Ambrosio 

et al., 1998), and hard tissues, e.g. with bone replacement and augmentation. 

ii. Optimizing the biological response of the implant to the surrounding tissue 

and body, therefore a strong biological interface can be produced by the body 

to surround and integrate the implant by tailoring the biological properties of 

the composites (Bonfield et al., 1981). 

iii. The third rationale relates solely to degradable composites, which as the 

implants degrade, allows the degradual transfer of load from the implant into 

the natural tissue (Bos et al., 1987). 

The bone itself is a composite, comprise of an organic phase and a ceramic 

phase. This ceramic phase is predominantly calcium hydroxyapatite with a Ca/P ratio 

of 1.67. Thus, synthetic calcium HA is a good candidate for a successful biomaterial. 

Several dental and orthopaedic metal implants are coated with HA to ensure long-term 

fixation in bone (Agrawal, 1998). Table 2.16 lists some composites biomaterials used 

in medical applications. 

2.5 Titanium (Ti) 

Ti and Ti-based alloys are fast emerging as the first choice for the majority of 

biomedical implant applications. There are various aspects of Ti that make this 

material an ideal choice for bio-applications (Geetha et al., 2009). According to Van 

Noort (1987), Ti was found to be the only biometal to osseointegrate (Van Noort, 

1987). Li et al. (1994) assumed the possibility of bioactivity behavior of Ti that leads 

to incorporate of calcium and phosphorous (Li et al., 1994). 
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Table 2.16: Composite biomaterials (biocomposties) 

Biocomposites Applications References 

HA / high density polyethylene 

(HDPE) composite 

Bone repair (Ambrosio, 

2017) 

Poly(methylmethacrylate) 

(PMMA) 

Injectable composites for bone repair: 

Injectable bone cement in orthopaedics to 

enhance wound healing and bone in-

growth 

Joint replacement: 

Bone cement for anchoring joint prosthesis 

Carbon-fibre-reinforced poly(ether 

ether ketone) (PEEK) and Kevlar 

fibre reinforced polyethylene 

Hip joint replacement: 

Composite acetabular cup 

(D’amore et al., 

1993)  

HA/Ti, HA/Stainless steel 

composites 

Total joint replacements (Agrawal, 1998)  

2.5.1 Application of Titanium Alloys in Biomedical Applications 

An attempt to use Ti as an implant dates back to 1930s; it was found that Ti was well 

tolerated in cat femurs (Niinomi, 2003). Ti and Ti-based alloys have been used 

increasingly since the late 1960s in the manufacturing of orthopedic implant for joint 

replacement and fracture fixation (Narayan, 2009). 

The range of applications of Ti and Ti-based alloys in biomedical implantation 

is wide, it comprises: 

i. Dental implants. 

ii. Joint replacement; hip, knee, shoulder, spine, and elbow. 

iii. Bone fixation; nails, screws, nuts, and plates. 

iv. Housing device for pacemakers and artificial heart valves. 

v. Surgical instruments and components in high-speed blood centrifuge 

(Machara et al., 2002). 

Due to its excellent biocompatibility and non-allergic nature, Ti and Ti-based 

implants can also be used in healthcare goods such as wheelchairs, artificial limbs and 

artificial legs (Niinomi, 2003). 

2.5.2 Properties of Titanium 

Ti and Ti-based alloys have advantageous properties that make it an attractive 

candidate for biomedical applications.  
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2.5.2.1 Mechanical Properties 

The mechanical properties of Ti and Ti-based alloys can be discussed as follows: 

i. High specific strength: Ti and Ti-based alloys have high strength compared to 

weight ratio (high specific strength) (Oldani and Dominguez, 2012). High 

strength compared to weight ratio 

ii. Poor shear and wear resistance: Ti obtains poor shear strength, and due to that 

they are less desirable for bone screws, plates, and similar applications. Ti tends 

to slide contact with itself or another metal (Miller et al., 1958). Also, the low 

wear resistance is another problem of Ti. For example, Ti6Al4V alloy cause 

wears problems in articulation surface when used as an implant (Oldani and 

Dominguez, 2012). 

iii. Stress shield effect of the implant with the bone: Stress shielding occurs 

because there is a mismatch between the implant and bone. The Young’s 

modulus of bone (3-30 GPa) according to (Thamaraiselvi and Rajeswari, 2004) 

and (7-25 GPa) according to Currey (1998), which is considered much lower 

than the Young’s modulus of Ti and Ti-based alloys (Currey, 1998). Although 

Ti and Ti-based alloys have much lower modulus compared to stainless steel 

and Co-based alloys (Dadvinson and Gergette, 1986). Various methods to 

solve this problem have been considered, including: 

a. Changing the shape or size of the joint replacement implants, to reduce 

the effect of the structural stiffness of the implant. 

b. Proposing Cp-Ti and a developed metastable β-Ti alloys with low 

Young’s modulus ranging (55-85 GPa) as listed in Table 2.17 are to 

replace steel alloys (Guillemot et al., 2004; Sarmento et al., 1979). 

These alloys are expected to be more proximal to the bone modulus, 

however, they are still greater than the cortical bone (Oldani and 

Dominguez, 2012). 

2.5.2.2 Chemical Properties 

The chemical properties of Ti and Ti-based alloys will be discussed as follows:  

 



26 

 

Table 2.17: Mechanical properties of biomedical titanium alloys (Geetha et al., 2009) 

Material Standard Modulus 

(GPa) 

Tensile 

strength 

Alloy type 

First generation biomaterials (1950-1990) 

(Cp Ti grade 1-4) ASTM F67 103-107 240-550 α 

Ti-6Al-4V ELI wrought ASTM F136 116 860-896 α+β 

Ti-6Al-4V ELI standard grade ASTM F1472 112 895-930 α+β 

Ti-6Al-7Nb Wrought ASTM F1295 110 900-1050 α+β 

Ti-5Al-2.5Fe ISO 5832 110 1020 α+β 

Second generation biomaterials (1990-present) 

Ti-13Nb-13Zr Wrought ASTM 1713 79-84 973-1037 Metastable β 

Ti-12Mo-6Zr-2Fe ASTM 1813 74-85 1060-1100 β 

Ti-35Nb-5Zr-5Ta  55 596 β 

Ti-29Nb-13Ta-4.6Zr ASTM F1813 65 911 β 

Ti-35Nb-5Ta-7Zr-0.40  66 1010 β 

Ti-15Mo-5Zr-3Al  82  β 

Ti-Mo ASTM F2066   β 

Bone  30 max   

 

i. Biocompatibility of Ti: The excellent biocompatibility of Ti comes from the 

formation of TiO2 oxide which provides corrosion resistance to Ti. Cp-Ti has 

a high superficial energy and in vivo results have proven that provides 

favorable body reaction that leads to direct apposition of minerals on the bone-

Ti interface and Ti Osseointegration (Acreo et al., 1999). 

ii. Cytotoxicity of additives: The additives in the Ti-based alloys can cause 

potential toxicity. Table 2.18 List the potential toxic additives that may cause 

diseases to the human body system and their replacements (Oldani and 

Dominguez, 2012). 

 

Table 2.18: Potential toxic additives and their replacement additives 

Toxic additives Tolerance Potential disease Replaced additives References 

V, Cu, Sn Should be 

avoided 

V can cause adverse 

tissue reaction 

Nb, Fe, Mo for V (Mehta, 2008; 

Steinemann, 1980)  

Co, Ni, Al Minimal 

amounts 

Al can cause long-term 

Alzheimer diseases 

Ta, Hf, Zr for Al (Mehta, 2008; Rao 

et al., 1996)  

2.5.2.3 Physical Properties 

Ti is very light with a density of 4.5 g/cm3 (Oldani and Dominguez, 2012) and when 

comparing the strength by specific strength (strength per density) the Ti and Ti-based 

alloys exceed any other implant materials as shown in Table 2.19 (Wong et al., 2013). 
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The Ti-CP (Grade 2) is 99.305 % Ti, O, C and N are the main trace elements influence 

significantly the Ti yield, tensile and fatigue strengths (Table 2.19). Interstitial 

elements such as (C and N) strengthen the metal through interstitial solid solution 

strengthening mechanism, with N having approximately twice the hardening effect 

(per atom) of either C or O (Oldani and Dominguez, 2012). 

 

Table 2.19: Specific gravities of some metallic implant alloys (Wong et al., 2013) 

Alloys Density (g/cm3) 

Ti and Ti-based alloys 4.5 

316 L Stainless steel 7.9 

CoCrMo 8.3 

CoNiCrMo 9.2 

NiTi 6.7 

 

Pure Ti is an allotropic metal have hexagonal closed packed (HCP) crystal 

structure (Alpha (α)) phase below 882 ºC and transforming to a body centre cubic 

(BCC) structure (Beta (β)) phase over that temperature. As its typical microstructure 

is a single alpha phase α-phase, cold work is also an applied strengthening mechanism. 

The addition of alloying elements to titanium in Ti6Al4V alloy enables it to 

have a wide range of properties because Al tends to stabilize the α-phase and V tends 

to stabilize the β-phase, lowering the temperature of the transformation from α to β. 

The α-phase promotes good weldability, excellent strength characteristics and 

oxidation resistance. The addition of controlled amounts of V as a β-stabilizer causes 

the higher strength of β-phase to persist below the transformation temperature which 

results in a two-phase system. The β-phase can precipitate by an ageing heat treatment. 

This microstructure produces local strain fields capable of absorbing deformation 

energy. Cracks are arrested or deterred at the particles (Oldani and Dominguez, 2012). 

Metastable β-Ti alloys were developed for this purpose, with low elastic 

modulus (Table 2.17) (Guillemot et al., 2004). Low modulus alloys are nowadays 

desired because the moduli of alloys are required to be much more similar to that of 

bone to minimizing the stress shielding phenomena. However, they are still greater 

than that of cortical bone (Oldani and Dominguez, 2012). 
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2.5.3 Commercial Purity Ti Alloys 

Unalloyed Ti, commercially pure titanium (Cp-Ti) is very common Ti-based 

implants. Cp-Ti can be defined as follows: 

i. Cp-Ti has α-alloy phase structure. The α-alloy has a single phase 

microstructure (Figure 2.1), which promotes good wettability (Davidson et 

al., 1994).  

ii. There are four grades of unalloyed commercially pure titanium (Cp-Ti) (Imam 

et al., 1983). The mechanical properties of the Cp-Ti grades and Ti6Al4V 

(ASTM, 2013a, 2013b) are given in Table 2.20 and their impurity composition 

is observed in Table 2.21. From Table 2.20 and Table 2.21 it can see that the 

higher impurity content of the Cp-Ti leads to higher strength and reduced 

ductility. Grade 1 has the lowest O content and yield strength with the highest 

ductility among all grades. Grade 4 has the highest O content and strength with 

the ductility (Narayan, 2009).  

iii. Cp-Ti can contain a small amount of interstitial elements including O, N, and 

H with small quantities. These elements affect the mechanical properties 

through interstitial solid solution strengthening (Davis, 2006).  

iv. Cp-Ti, in general, is used in endosseous dental implant due to its characteristic 

of promoting rapid osseointegration. Grades (3 and 4) in particular are used 

for fabricating implants for use in osteosynthesis (fracture repair and spinal 

fusion), however, it has a low mechanical strength (low fatigue strength in 

particular). 

v. Cp-Ti is particularly attractive material, due to its characteristics promoting 

rapid osseointegration. This is believed to be due to OH- ions incorporation 

within the passive TiO2 layer and their reaction with bone mineral phase 

constituents (Ca2+) and (
3

4

PO ) (Narayan, 2009). 

Cp-Ti and extra low interstitial Ti-6Al-4V (ELI) are the two most common Ti 

implant (Oldani and Dominguez, 2012). Table 2.22 compare between Cp-Ti (Grade 2) 

and Ti-6Al-4V (ELI) (Grade 5) in terms of characteristics and properties. 
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Figure 2.1: SEM of Cp-Ti with α-alloy phase structure (Narayan, 2009) 

 

Table 2.20: Mechanical properties of Ti and Ti alloys (ASTM, 2013a, 2013b) 

Properties Grade 1 Grade 2 Grade 3 Grade 4 Ti6Al4Va 

Tensile Strength (MPa) 240 345 450 550 860 

Yield strength (MPa) 170 275 380 485 795 

Ultimate strain (%) 24 20 18 15 10 

Young’s modulus (GPa) 30 30 30 25 25 

 

Table 2.21: Chemical composition of titanium and its alloy (ASTM, 2013a, 2013b) 

Element Grade 1 Grade 2 Grade 3 Grade 4 Ti6Al4Va 

Nitrogen 0.03 0.03 0.05 0.05 0.05 

Carbon 0.10 0.10 0.10 0.10 0.08 

Hydrogen 0.015 0.015 0.015 0.015 0.0125 

Iron 0.2 0.3 0.3 0.5 0.25 

Oxygen 0.18 0.25 0.35 0.4 0.13 

Titanium Balance 

aAluminium 6.00% (5.50-6.50), vanadium 4.00% (3.50-4.50), and 

other elements 0.1% total. All the maximum allowable weight 

percent (ASTM, 2013) 

2.6 Titanium Oxide (TiO2) 

TiO2 is the most investigated single-crystalline system in the surface science of metal 

oxides due to its wide range of applications. TiO2 is a preferred system for 

experimental because it is well-suited for many experimental techniques (Diebold, 

2003). Table 2.23 summarizes the bulk properties of TiO2.  
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Table 2.22: Comparison between grade 2 and grade 5 characteristics and properties 

Ti Type Grade 2: commercially pure Ti 

(Cp-Ti) 

Grade 5: (Ti-6Al-4V) References 

Chemical 

composition 

N = 0.03, C = 0.1, H = 0.015,  

Fe = 0.3, O = 0.25, Ti = Balance 

N = 0.05, C = 0.08, H = 0.0125,  

Fe = 0.25, O = 0.13, Ti = Balance 

ASTM F 67 

ASTM F136 

Applications Dental implants Total joint replacements, dental 

implants, surgical wire, plates, 

screws, IM nails 

(Elias et al., 

2008)  

(Wong and 

Bronzino, 

2007)  

(Herman, 

1988)  

Advantages 

 

 

Mechanical properties: has higher 

Ti purity, higher ductility 

Physical and chemical properties: 

high corrosion resistance, 

excellent biocompatibility and 

osseointegration 

Mechanical properties: higher 

strength due to the additives in 

the alloy. 

Physical and chemical properties: 

Biocompatible due to the 

advantage of the Ti, excellent 

bone contact 

Disadvantages Mechanical properties: lower 

strength (unavailability of usage in 

load bearing applications). 

 

Mechanical properties: high 

elastic modulus (4 to 6 times 

higher than cortical bone), it is 

used in an annealed state and 

present low shear and low wear 

resistance when used as 

orthopedic implant. 

Physical and chemical properties: 

Toxic effect resulting from 

released V and Al.  

(Elias et al., 

2008; Rao et 

al., 1996; 

Steinemann, 

1980)  

(Wong and 

Bronzino, 

2007) 

(Park and 

Lakes, 2007)  

Mechanical 

properties 

Tensile strength (MPa): 345 

Yield strength (MPa): 275 

Ultimate strain (%): 20 

Young’s modulus (GPa): 103-107 

Tensile strength (MPa): 860 

Yield strength (MPa): 795 

Elongation (%): 10 

Young’s modulus (GPa): 114-

120 

(Silver and 

Christiansen, 

1999), 

ASTM F67, 

ASTM F136 

 It provides a 

favourable body reaction that 

leads to direct apposition of 

minerals on the bone-titanium 

interface 

Higher removal torque when 

used as screws and significantly 

higher bone contact 

(Johansson, 

1991)  

(Acero et al., 

1999) 

 

Table 2.23: Bulk properties of titanium dioxide (Samsonov, 2013) 

Property Value 

Atomic radius (nm) 

O 

Ti 

 

0.066 (covalent) 

0.146 (metallic) 

Ionic radius (nm) 

O(-2) 

Ti(+4) 

 

0.14 

0.064 
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2.6.1 Applications of TiO2 in Various Fields 

TiO2 can be prepared in the form of powder, crystals, or thin films. While powders are 

frequently utilized, thin films can be prepared by different methods. Both powders and 

films can have a crystalline structure ranging from few to hundreds of nanometers 

(Allouni et al., 2009).  

Table 2.24 lists the uses of TiO2 in different fields. Continued researches have 

been conducted in the past decades on the nano activities of TiO2. This is due to the 

very stable, nontoxic, and cheap TiO2 nano-materials. The applications of TiO2 can 

also be seen in Table 2.24.  

 

Table 2.24: Applications of TiO2 

Type Application References 

Thin film 

 

Heterogeneous catalysis as a photocatalyst (Diebold, 2003)  

Solar cells for production of hydrogen and electric 

energy 

Deposition Gas sensor 

Powder White pigment for paints and cosmetic products 

Thin film Corrosion protective coating 

Optical coating 

Bulk Ceramics 

Thin film, deposition Electric devices as a varistors 

Thin film Earth science by reducing global worming; 

photocatalytic activity breaks down nitrous oxides 

from automobile exhaust and turns them into 

harmless gases 

Thin film, deposition Bone implants due to its biocompatibility 

Deposition Gate insulator for the new generation of MOSFET (Cheng and Hu, 1999)  

additives Food and Personal Care Products (Weir et al., 2012) 

Nano-materials 

Thin film Paint (Chen and Mao, 

2007) Additives Toothpaste 

Thin film UV protection 

Thin film, deposition photovoltaics 

Thin film, deposition Sensors for various gases and humidity due to the 

electrical or optical properties which change upon 

adsorption 

Thin film, deposition Electrochromics and photochromics 
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2.6.2 Photocatalysis of TiO2 

TiO2 has presented a photocatalytic property. A study by Fujishima and Honda (1972) 

has discovered that water can photolysis on TiO2 without an external bias (Fujishima 

and Honda, 1972). It is believed that the surface defect states may play a role in the 

decomposition of water into H2 and O2. This phenomenon has stimulated much of the 

early work on TiO2 (Finklea, 1988). 

As a semiconductor, TiO2 has a photo-assisted ability for degradation of 

organic molecules (Sakai et al., 1995). The electron-hole pair that is created upon 

irradiation with sunlight may separate and the resulting charge carriers might migrate 

to the surface where they react with adsorbed water and oxygen to produce radical 

species. These species attack any adsorbed organic molecule and can, ultimately, lead 

to complete decomposition into CO2 and H2O. It was shown that subcutaneous 

injection of TiO2 slurry in rats, and subsequent near-UV illumination, could slow or 

halt the development of tumor cells (Sakai et al., 1995). The applications of this 

process are listed in Table 2.25. 

2.6.3 Application of TiO2 in Biomedical 

TiO2 has been widely used for many years. TiO2 have strongly been interested in 

multiple studies, owing to its unique photocatalytic properties, excellent 

biocompatibility, high chemical stability, and low toxicity. Recent studies have 

suggested that nano-scale TiO2 can solve and improve some of the current problems 

of life science (Yin et al., 2013). Some recent advances in the biomedical applications 

of TiO2 are shown in Table 2.26. 

2.6.3.1 TiO2 in Biomedical Implantation 

The better interaction between the tissues and Ti implants is believed to be linked to 

TiO2, which gives Ti priority over other conventional biometal implants (Hazn et al., 

1993). TiO2 has been attributed to biomedical implantation due to:  
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Table 2.25: Applications of TiO2 photocatalysis (Fujishima et al., 2000) 

Property Gregory Applications 

Self-cleaning Materials for residential and 

office buildings 

Exterior tiles, kitchen and bathroom 

components, interior furnishings. plastic 

surfaces, aluminium siding, building stone and 

curtains, paper window blinds 

Indoor and outdoor lamps 

and related systems 

Translucent paper for indoor lamp covers, 

coatings on fluorescent lamps and highway 

tunnel lamp cover glass 

Materials for roads Tunnel wall. Sound proofed wall. traffic VMS 

and reflectors 

Others Tent material, cloth for hospital garments and 

uniforms and spray coatings for cars 

Air cleaning Indoor air cleaners Room air cleaner, photocatalyst-equipped air 

conditioners and interior air cleaner for factories 

Outdoor air purifiers Concrete for highways, roadways and footpaths, 

tunnel walls, soundproof walls and building 

walls 

Water purification Drinking water River water, ground water. lakes and water-

storage tanks 

Others Fish feeding tanks, drainage water and industrial 

wastewater 

Antitumor activity Cancer therapy Endoscopx-like insauments 

Hospital Tiles to cover the Poor and walls of operating 

rooms, silicone rubber for medical catheters and 

hospital garments and uniforms 

Others Public rest rooms, bathrooms and rat breeding 

rooms 

 

Table 2.26: Preparation of TiO2 active surface layers 

Application References 

Photodynamic therapy for cancer treatment (Yin et al., 2013) 

Drug delivery systems 

Cell imaging 

Biosensors for biological assay 

Genetic engineering 

Biomedical Implantation: Orthopaedic/dental implants (Chien et al., 2009)  

 

i. The superior biocompatibility of Ti is due to the thin layer oxide of 1.5-10 nm 

thick that forms naturally upon exposure to air at room temperature (Sul et al., 

2001).  

ii. TiO2 is in direct contact with bone tissue upon implantation. This explains the 

good biocompatibility of Ti implants (Sul et al., 2002a; Sul et al., 2002d).  

iii. TiO2 provides corrosion resistance and contribute to the biological 

performance of Ti at molecular and tissue level (Lausmaa and Linder, 1988).  
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Surface properties of TiO2 are very important to understand the 

osseointegration between the implant and bone tissue (Sul et al., 2002a; Sul et al., 

2002d). Due to that, many studies of tissue reactions to implant surfaces have been 

directed at modifying the roughness of TiO2 (Sul et al., 2002d). Table 2.27 shows the 

TiO2 deposition and formation techniques.  

Further biocompatibility improvement of Ti-based implants for orthopedic and 

dental applications has been attempted through the development of apatite coating on 

the TiO2 interface (Hayashi et al., 1989; Oliva et al., 1998). 

 

Table 2.27: Biomedical applications of TiO2 

No Method Year References 

1 Thermal oxidation 1975 (Fujishima et al., 1975)  

2 Sol-gel 1995 (Negishi et al., 1995)  

3 Electrophoretic deposition 1995 (Fernández et al., 1995)  

4 Silica gel substrate 1998 (Kobayakawa et al., 1998)  

5 CVD 1998 (Goossens et al., 1998)  

6 Spray-pyrolysis 1998 (Wang et al., 1998a)  

7 RF Magnetron sputtering 2002 (Zeman and Takabayashi, 2002)  

8 Inorganic-organic graded film 2002 (Takami et al., 2002)  

9 Chemical bath deposition 2003 (Gao et al., 2003)  

10 Plasma spray 2003 (Berger-Keller et al., 2003)  

11 Electron-beam evaporation 2004 (Yang et al., 2004b)  

12 Vacuum evaporation 2006 (Miyata et al., 2006)  

13 Anodic oxidation 2006 (Mor et al., 2006)  

2.6.3.2 TiO2 crystalline Bioactivity (In Vitro Test) 

Extensive research on TiO2 shows that the morphology, surface chemistry, roughness, 

crystalline phases significantly influences the apatite-inducing ability (Pereira et al., 

2014). The crystalline phases of TiO2, anatase, and rutile, have good ability to induce 

HA formation on the surface. However, Ti dental implants with native amorphous 

surface oxide have obtained good osseointegration and clinically were successful (Xia 

et al., 2011). 

Uchida et al. 2003 have reported that the epitaxy of apatite crystals were 

facilitated by the crystalline planar arrangement structure (Uchida et al., 2003). It is 

believed that Ti-OH groups give rise to the apatite formation in SBF (Leconte et al., 

2002). However, certain types of Ti-OH groups in a specific structural arrangement 

are effective in inducing apatite nucleation. This indicates that a specific structure of 
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TiO2 is effective in inducing apatite formation in a body environment (Uchida et al., 

2003). The question is how well the interface between the organised hydroxylated 

surface (Ti-OH) and HA nuclei is structurally matched along with surface charge.  

When comparing anatase and/or rutile bioactivity with HA. Anatase is 

speculated to have a higher bioactivity than rutile, due to a better lattice match with 

HA and a higher acidity, as well as lower surface ζ-potential, caused by a larger 

number of hydroxyl groups on the surface. The degree of surface acidity at a given pH 

is the value of the surface ζ-potential. The surface ζ-potential is lower for a more acidic 

surface. It has been shown that deposition of HA on anatase, at pH 7.4, is faster than 

on rutile at the same pH, while a less negative ζ-potential will inhibit the HA nucleation 

(Svetina et al., 2001). Furthermore, a rise in temperature and ion concentration 

increases the growth rate of HA (Kim, 2003). 

Hydroxylated 110 (anatase) and 0001 (HA) as obtained in Figure .2.2 (a,b) are 

suggested to have three matching parts between their interface: 

i. Hydrogen bond interaction; Ti-OH groups can form hydrogen bonds with 

3

3

OPO  on the HA (0001) surface, and also with OH on the HA (0001). 

ii. Crystal lattice matching, i.e. how the Ti-OH groups are arranged on the anatase 

(110) surface matching the HA (0001) 

iii. Stereochemical matching, which is the anatase OH- arrangement surrounded a 

Ca2+ ion along the c-axis of HA, resulted in oriented nucleation (Mao et al., 

1999). The nucleation of the crystallized species and their orientation tend to 

be determined more by stereochemical matching than lattice matching 

(Lindberg et al., 2008). 

The rutile (101) surface has also a lattice match with HA (0001) (Uchida et al., 

2003) as shown in Figure 2.2 (c). However, researches have reported contradictory 

results. Some reported the preference of anatase over rutile and others reported the 

contrary in SBF and some others reported preference of anatase with rutile phase as 

shown in Table 2.28. Abdullah and Sorrell have reported when depositing HA on TiO2 

gel in SBF the superiority reactivity of the anatase phase to be more advantageous for 

biomaterials applications (Abdullah and Sorrell, 2007a). 

Anatase is reported that can effectively attract protein molecules and reduce 

the formation of connective tissue after implantation (Hamilton et al., 2009; Nan et 

al., 1998). Anatase has also been reported to have relatively lower strength than 
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anatase (Li and Ducheyne, 1998). However, regarding TiO2 produced using anodic 

oxidation and then incubated in SBF; results obtained a progression of apatite 

deposition and growth with rutile phase and pore size increased (Yang et al., 2004a). 

Cui et al. (2009) have reported that anatase and rutile phase increase apatite deposition 

more that anatase or amorphous structure also with an increased pore size (Cui et al., 

2009). 

 

 

Figure 2.2: Lattice structure matching; (a) HA lattice structure, (b) Anatase (110) 

lattice matching with HA (0001), (c) Rutile (101) lattice matching with HA (0001) 

(Uchida et al., 2003) 

 

While in vitro assays may generate a quick assessment of cytocompatibility, in 

vivo studies are necessary to fully evaluate new bone growth. A survey of in vivo and 

in vitro investigations of bone tissue reactions to anodised titanium implants is listed 

in Table 2.29. As with in vitro analysis, the varied oxide properties not only include 

thickness, but also morphology, chemical composition, crystallinity, and surface 

roughness. 

2.6.4 Phase Transformation of TiO2 

The Ti-O phase diagram is very rich with many stable phases with a variety of crystal 

structures (Samsonov, 2013). Figure 2.3 shows the phase diagram of the Ti-O- and the 

following is outlined with respect to TiO2 (Fahmi et al., 1993): 

i. Oxygen dissolves up to 30 atom % in the α-Ti phase. 
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Table 2.28: Parameters and results from studies on of apatite formation ability on 

TiO2 in SBF 

TiO2 characterisation Bioactivity 

testing 

Results/Explanation References 

Treatment: 

Electrolyte 

deposition. 

TiO2 phase: anatase 

Nanotube: 11-18 nm 

In vitro: SBF 

for 21 days 

The matching structure of anatase TiO2 and 

apatite may play an important role in the 

apatite formation ability. Moreover, the cell 

culture results also indicated that nano-

crystalline anatase TiO2 not only promoted 

cells differentiation, but also appeared more 

bioactive while maintaining non-toxicity 

(Lin and 

Yen, 2006)  

Treatment: anodic 

oxidation + heat 

treatment. 

TiO2 phase: anatase 

+ rutile 

Roughness: 177±0.02 

nm 

In vitro: SBF 

for 30 days 

The surfaces oxidized were fully coated 

with apatite layer 

(Pereira et 

al., 2014)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

+ rutile 

Roughness: 

0.312±0.068 μm 

Pore size: 100-200 

nm 

In vitro: MEM 

solution. 

TiO2 with anatase and rutile phase resulted 

in a higher Ca to P ratio and higher OH 

stretching 

(Song et 

al., 2009)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

+ rutile and rutile 

Roughness: 

Pore size: 200 nm 

 

In vitro: SBF 

for 1,3 and 7 

days 

TiO2 crystalline (anatase + rutile) and rutile 

where able to induce apatite. Specially 

rutile which played an important role in 

inducing the apatite deposition because of 

the relationship of lattice matching between 

rutile and apatite. Surface morphology 

could also affect apatite deposition 

(Cui et al., 

2009)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

+ rutile and rutile 

Roughness:  

Pore size: 200 nm 

In vitro: SBF 

for 3 and 6 days 

Rutile obtained higher apatite deposition 

more than anatase or anatase + rutile. The 

structure of rutile (1 0 1) is matching to the 

structure of apatite (0 0 0 4). It is reported 

that the matching structure could be the 

nuclei for crystal growth. 

(Yang et 

al., 2004a)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

+ rutile  

Roughness:  

Pore size: 1 µm 

In vitro: SBF 

for 3 days 

Apatite was able to precipitate on TiO2 

anodised in 0.9M H2SO4/0.1M H3PO4 for 

30 min at 180 V. 

(Oh et al., 

2008)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

+ rutile and rutile 

Roughness: 

Pore size: 900 nm 

In vitro: SBF 

for 5 days 

Ca-rich compounds was able to precipitate 

on TiO2 anodised in 1.5 M H2SO4/0.3 M 

H3PO4/0.3 M H2O2 for 30 min at 180 V. 

(Oh et al., 

2005)  

 

i. TiO crystallizes in NaCl missing state structure and can be found in a non-

stoichiometric form of larger phase width TiOX (0.70 ≤ x ≤ 1.30). 
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ii. Rutile is the most stable phase of TiO2 at normal pressure (5-12 kJ/mol) more 

stable than anatase (Murray, 1987). The transition from brookite/anatase to 

rutile at higher temperatures is not reversible (Fahmi et al., 1993). 

 

Table 2.29: Parameters and results from studies of TiO2 on in vitro and in vivo 

studies 

TiO2 characterisation Bioactivity testing Results/Explanation References 

Treatment: 

hydrothermal treatment 

+ heat treatment. 

TiO2 phase: anatase 

Nanotube: 5 - 15 μm 

 

In vitro: primary 

murine alveolar 

macrophages. 

In vivo: in mice. 

This study demonstrates that 

alteration of anatase TiO2 

nanomaterial into a fibre structure 

of greater than 15 μm creates a 

highly toxic particle and initiates 

an inflammatory response by 

alveolar macrophages. 

(Hamilton et 

al., 2009)  

Treatment: magnetron 

sputtering + heat 

treatment. 

TiO2 phase: anatase + 

rutile 

Roughness: 2.8 – 8.08 

μm 

In vitro: cell culture 

(CHO-K1) 

These results indicate that TiO2 

thin films do not affect 

mitochondrial function and 

proliferation of CHO-K1 cells, 

and back up the use of TiO2 thin 

films in biomedical science. 

(Cervantes et 

al., 2016)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase, 

anatase + rutile 

Pore size: 0.2-5 μm 

In vitro: MG63 

cells 

Anatase and rutile obtained more 

cell proliferation that anatase. 

Also proliferation increased with 

increased pore size 

(Ha et al., 

2006)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase, 

anatase + rutile 

Oxide thickness: 0.2-1 

μm 

Pore size: 1.27-2.10 μm 

In vivo: Rabbit 

model 

Enhanced bone bonding (Sul et al., 

2002b; Sul et 

al., 2002c)  

Treatment: anodic 

oxidation. 

TiO2 phase: anatase 

Oxide thickness: ≤ 0.3 

μm 

In vivo: implant in 

rats’tibia 

Exhibited high osteoconductivity 

more that 40% in bone implant 

contact ratio RB-I value (in cortical 

bone) 

Yamamoto et 

al., 2011)  

Treatment: anodic 

oxidation + heat 

treatment 

TiO2 phase: anatase 

Ra/ μm: ≤ 0.1 

In vivo: rat’s tibiae Exhibited high osteoconductivity 

more that 58% in bone implant 

contact ratio RB-I value (in cortical 

bone) 

(Zuldesmi et 

al., 2013)  

2.6.5 Crystal Structure of TiO2 

Titanium oxide crystallizes in three major different structures:  

i. Anatase (crystal unit: tetragonal). 
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Figure 2.3: Phase diagram of the Ti-O system (Samsonov, 2013) 

 

ii. Rutile (crystal unit: tetragonal). 

iii. Brookite (crystal unit: rhombohedral). 

Other structures exist as well, for example, Contunite TiO2 has been 

synthesized at high pressures and is one of the hardest polycrystalline materials 

known (Dubrovinsky et al., 2001). However, only rutile and anatase play any role on 

the applications of TiO2 as they have been studied with surface science techniques 

(Diebold, 2003).  

2.6.5.1 Anatase 

Anatase is the most stable phase for nano-particles below 11 nm (Burnside et al., 

1998). Anatase unit cell is shown in Figure 2.4. For anatase and rutile, both of their 

structure, the basic building block consists of a Ti atom surrounded by six O atoms in 

a more or less distorted octahedral configuration (Diebold, 2003). Anatase has two low 

energy surfaces; (101) and (001) as shown in Figure 2.5 (a,b), which is common for 

natural crystals (Hengerer et al., 2000). The (100) surface as shown in Figure 2.5 (c) 
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is less common on typical nano-crystals but is observed on rod-like anatase grown 

hydrothermally under basic conditions (Ramamoorthy et al., 1994). From the 

tetragonal bulk unit cell of anatase a=b= 3.782 Å, c=9.502 Å as seen in Figure 2.4 has 

slightly distorted octahedral that are the basic building units. The bond lengths and 

angles of the octahedrally coordinated Ti atoms are indicated and the stacking of the 

octahedra in both structures is shown on the right sided (Diebold, 2003).  

 

 

Figure 2.4: Bulk structures of anatase (Diebold, 2003) 

 

 

Figure 2.5: Schematic representations of selected low-index faces of anatase: (a) 

(101); (b) (100); and (C) (001) (Fujishima et al., 2008) 

2.6.5.2 Rutile 

Rutile is the most stable phase for particles above 35 nm in size (Zhang and Banfield, 

1998). Rutile has three main crystal faces, two that are quite low in energy and are thus 

considered to be important for practical poly-crystalline or powder materials. 
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These are (110) and (100) (Figure 2.6 a, b). The most thermally stable is (110), 

and therefore it has been the most studied (Figure 2.6 c) (Ramamoorthy et al., 1994). 

From Figure 2.7 the tetragonal bulk unit cell of rutile has the dimensions, a=b=4.587 

Å, c=2.953 Å. The structure has slightly distorted octahedral that are the basic building 

units. The bond lengths and angles of the octahedrally coordinated Ti atoms are 

indicated and the stacking of the octahedra in both structures is shown on the right 

sided (Diebold, 2003). 

 

 

Figure 2.6: Schematic representations of selected low-index faces of rutile: (a) (110); 

(b) (100); and (C) (001) (Fujishima et al., 2008) 

 

 

Figure 2.7: Bulk structures of rutile (Diebold, 2003). 

2.6.5.3 Brookite 

Brookite has been found to be the most stable for nanoparticles in the 11-35 nm range 

(Burnside et al., 1998). Recently, the brookite phase, which is rarer and more difficult 

to prepare, has also been studied as a photocatalyst. The order of stability of the crystal 

faces is (010) < (110) < (100) (Figure 2.8) (Beltrán et al., 2006). 
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Figure 2.8: Schematic representation of the brookite structure, crystal faces: (a) 

(100), (b) (010), (c) (110) (Beltrán et al., 2006) 

2.7 Properties of TiO2 

Properties of TiO2 comprise; bulk properties, physical properties, phase properties, 

photocatalytic properties and colour properties. 

2.7.1 Bulk Properties of TiO2 

The bulk properties of TiO2 will be summarized in Table 2.30. 

2.7.2 Physical Properties of TiO2 

In the synthesis of TiO2 films by various methods, the initial crystalline TiO2 phase 

formed is generally anatase (Shin et al., 2005). From a structural perspective, this 
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could be due to the greater ease of the short-range ordered TiO6 octahedra in arranging 

into long-range ordered anatase structure owing to the less-constrained molecular 

construction of anatase relative to rutile (Matthews, 1976). Alternatively, from a 

thermodynamic perspective, the more rapid re-crystallization of anatase could be due 

to the lower surface free energy of this polymorph, despite the lower Gibbs free energy 

of tile (Ghosh et al., 2003). That is, the higher surface free energy of rutile crystallites 

may favour the crystallization of anatase. 

 

Table 2.30: Properties of crystal structures of TiO2 

Propertiy TiO2 

Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Rhombohedral 

Atoms per unit cell 4 2  

Lattice parameters (nm) a=0.3785 

c=0.9514 

a=0.4594 

c=0.29589 

a=0.5436 

b=0.9166 

c=0.5135 

Unit cell volume (nm3)h 0.1363 0.0624 - 

Molar Mass a,b79.886 g/mol 

Apperance d,e,f White to 

pale yellow 

d,e,f Pale brown, 

yellowish brown, gray 

d,e,g White to grayish 

white or yellowish white 

Density (g/m3) c 3830 c 4240 c 4170 

Odor a,bOdorless 

Melting point (oC) - c 1870 - 

Crystal structure c Tetragonal c Tetragonal c Rhombohedral 

Solubility in water a,b Insoluble 

Calculated indirect 

bandgap 

(eV) 

 

3.23–3.59 

345.4–383.9 

 

3.02–3.24 

382.7–410.1 

 

Experimental bandgap 

(eV) 

(nm) 

 

~3.2 

~387 

 

~3.0 

~413 

 

i Refractive index 

ng 

np 

 

2.5688 

2.6584 

 

2.9467 

2.6506 

 

2.809 

2.677 

Solubility in HF Soluble Insoluble - 

Solubility in H2O Insoluble Insoluble - 

Hardness (Mohs) 5.5–6 6–6.5 5.5–6 

Bulk modulus (GPa) 183 206 - 

Standard heat capacity, 

𝐶𝑝
0 298.15J/(mol oC) 

55.52 55.06 - 

a(Wells, 2012), b(Greenwood and Earnshaw, 2012); c(Samsonov, 2013); d(Palache et al., 

1954); e(Deer, Howie and Zussman, 1992), 1962, f(Howard et al., 1991); g(Meagher and 

Lager, 1979); h(Hanaor and Sorrell, 2011); i(Samsonov, 2013); j(Kavan et al., 1996)  
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It should be noted that it is possible to form rutile under near room temperature 

conditions (Shin et al., 2005). Hydrothermal methods of synthesis, which can facilitate 

the precipitation of crystalline TiO2 directly from a liquid phase, can be controlled to 

precipitate rutile. Aside from this method, rutile is obtained only through high-

temperature treatment. Table 2.31 summarizes the phases that can result from various 

synthesis methods at room temperature and at elevated temperatures. 

 

Table 2.31: Common synthesis methods of titanium dioxide and resultant phases 

(Hanaor and Sorrell, 2011) 

 

Synthesis method Mechanism 

Phases formed 

Amorphous Anatase  Rutile 
Anatase + 

Rutile 

Flame pyrolysis 

of TiCl4 

Combustion of TiCl4 with oxygen; 

used in industrial processes 

      

Solvothermal/ 

hydrothermal 

Precipitation of TiO2 from aqueous 

or organic solution at elevated 

temperatures 

      

Chemical vapour 

deposition 

Spraying of Ti-bearing solution         

Physical vapour 

deposition 

Deposition of evaporated Ti and its 

subsequent oxidation 

       

 

Control of the conditions that affect the kinetics to control the anatase to rutile 

phase transformation is of considerable interest. The generation of the phases of TiO2 

depends significantly on the synthesis parameters, which in turn affect the product. 

The kinetics of these processes typically is considered in terms of temperature and 

time. In terms of the former, pure bulk anatase is considered widely to begin to 

transform irreversibly to rutile in air at 600 oC (Li et al., 2005); however, the reported 

transition temperatures vary in the range 400-1200 oC (Zhang et al., 2008) owing to 

the use of different methods of determining the transition temperatures, raw materials, 

and processing methods. The anatase to rutile transformation is not instantaneous; it is 

time dependent because it is reconstructive (Jamieson and Olinger, 1969). 

Consequently, the kinetics of the phase transformation must be interpreted in terms of 

all of the factors that influence the requisite temperature-time conditions. These 

parameters for undoped anatase are: 

i. Particle size. 

ii. Particle shape (aspect ratio). 

iii. Surface area. 
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iv. Atmosphere. 

v. Volume of sample. 

vi. Nature of sample container. 

vii. Heating rate. 

viii. Soaking time. 

ix. Impurities (from raw materials and container). 

x. Measurement technique. 

2.7.3 Phase Differentiation and Quantification of TiO2 Crystalline 

Examination of the kinetics of the anatase to rutile phase transformation may involve 

assessment of the relative quantities of anatase and rutile following heating in specific 

conditions of heating rate, temperature, and time in order to examine the effects of 

parameters such as dopants, particle size, and atmosphere on the resultant phase 

assemblage. Quantification of phase proportions usually is carried out by x-ray 

diffraction (XRD) (Ohno et al., 2003). XRD patterns spectra of rutile and anatase 

powders can be illustrated in Figure 2.9. 

Such analyses often are done using the method of Spurr and Myers (Spurr and 

Myers, 1957), which utilizes the ratio of the rutile (110) peak at 27.355o 2θ to the 

anatase (101) peak at 25.176o 2θ. The ratio of the intensities of these peaks, IR/IA, is 

used in the empirically determined formula in Equation (2.1) to give the weight 

fractions of anatase and rutile: 

 

 028.022.1
A

R

A

R

I

I

W

W
 (2.1) 

 

Despite the number of the above researchers who have utilized this formula in 

their investigations into the ART, consideration of the relevant issues reveals a number 

of factors that may affect the accuracy of the results: 

i. Preferred orientation: rutile and/or anatase crystallites may be present in 

preferred orientation owing to morphological and/or sample preparation 

effects, which may lead to altered XRD relative peak intensities. 
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Figure 2.9: XRD patterns spectra of rutile and anatase powders (Hanaor, 2007) 

 

ii. Encapsulation: rutile crystallites may grow as an over-layer of rutile on anatase 

particles (Bickley et al., 1991) or, alternatively, rutile may form the bulk of the 

anatase grains, leaving a surface layer of anatase on rutile particles (Zhang et 

al., 2008), thereby compromising the basis for the intensities of the XRD peaks. 

iii. Lattice distortion: the presence of dissolved dopants and/or impurities, 

especially if differential solubility occurs, may alter the peak heights and areas, 

thereby altering the relative intensities of the XRD peaks. 

iv. The degree of crystallinity: the presence of dopants may increase (nucleation) 

or decrease (lattice distortion/ stress) the degree of crystallinity, which would 

alter the consequent peak intensities, particularly if these dopants are 

preferentially present in one of the phases. 
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2.7.4 Photocatalytic Properties of TiO2 

2.7.4.1 Photoactivity of TiO2 

The photoactivity of TiO2 is one of its most attractive properties. The creation of 

electron-hole pairs through irradiation of light, either in TiO2 itself, or in adsorbed 

molecules, and the following chemical or electron transfer reactions are at the heart of 

TiO2 based photodevices applied in a range of areas (Fujishima and Honda, 1972). All 

photoinduced phenomena are activated by an input of super-bandgap energy to the 

semiconductor TiO2. Absorption of a photon with enough energy leads to a charge 

separation due to an electron promotion to the conduction band and a generation of a 

hole (h+) in the valence band. The subsequent mode of action of the photogenerated 

electron-hole pair (e--h+), determines which of the phenomena is the dominant process 

because even if they are intrinsically different processes, they can and in fact take place 

concomitantly on the same TiO2 surface.  

2.7.4.2 Photocatalysis Phenomena of TiO2 

Photocatalysis is a well-known process and is mostly employed to degrade or 

transform (into less harmful substances) organic and inorganic compounds and even 

microorganisms. The recently discovered wettability, termed as (superhydrophilicity) 

(Fujishima et al., 2008), presents a large range of applications in cleaning and anti-

fogging surfaces. The detailed material properties required for enhanced efficiency are 

different from each other. For enhanced photocatalysis, deep electron traps and high 

surface acidity are needed to lengthen the lifetime of photoexcited electrons and holes 

and to ensure better adsorption of organic substances on the surface. Meanwhile, low 

surface acidity and, most of all, a large quantity of Ti3+ is essential for hydrophilic 

surface conversion. These differences are related to the fact that photocatalysis is more 

likely to be sensitive to bulk properties, while hydrophilicity can be definite as an 

interfacial phenomenon (Carp et al., 2004). 

Semiconductor electronic structures are characterised by a filled valence band 

(VB) and an empty conduction band (CB) and can act as sensitizers for light-reduced 

redox processes. When a photon with an energy of hv matches or exceeds the bandgap 
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energy Eg of the semiconductor, an electron (𝑒𝐶𝐵
− ), is promoted from the valence band, 

into the conduction band, leaving a hole, (ℎ𝑣𝐵
+ ), behind. Excited state conduction-band 

electrons and valence-band holes can react with electron donors and electron acceptors 

adsorbed on the semiconductor surface or within the surrounding electrical double 

layer of the charged particles or recombine and dissipate the input energy as heat, get 

trapped in metastable surface states. The above process in the photocatalysis is 

illustrated in Figure 2.10. 

 

 

Figure 2.10: Schematic illustration of various processes occurring after 

photoexcitation of pure TiO2 with UV light (Banerjee et al., 2015) 

 

For a semiconductor photocatalyst to be efficient, the different interfacial 

electron processes involving (eCB
− ) and (hvB

+ ) must compete effectively with the major 

deactivation processes involving (eCB
− − hvB

+ ) recombination, which may occur in the 

bulk or at the surface (Carp et al., 2004). TiO2 has a relatively slow rate of charge 

carrier recombination in comparison with other semiconductors (Zhou et al., 2006), 

Ideally, a semiconductor photocatalyst should be chemically and biologically inert, 

photocatalytically stable, easy to produce and to use, efficiently activated by sunlight, 

able to efficiently catalyze reactions, cheap, and without risks for the environment or 

humans. TiO2 is close to being an ideal photocatalyst, displaying almost all the above 
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properties. The single exception is that it does not absorb visible light (Carp et al., 

2004). TiO2 photocatalysis mechanism can be described as below (Hoffmann et al., 

1995): 

Charge-carrier generation: 

 

  VBCB hehvTiO2
 (2.2) 

 

Charge-carrier trapping: 

 

][][ 44   OHTiOHTihVB
 (2.3) 

][][ 34 OHTiOHTieCB

   (2.4) 

 

or 

 

  34 TiTieCB
 (2.5) 

 

Charge-carrier recombination on the surface: 

 

OHTiOHTieCB

  44 ][  (2.6) 

OHTiOHTihVB

  43 ][  (2.7) 

 

Interfacial charge transfer: 

 

  eded ROHTiROHTi ][][ 44
 (2.8) 

  xx OOHTiOOHTi ][][ 43
 (2.9) 

  xx OTiOTi 43  (2.10) 

 

Where [-Ti4+OH] represents OH group of TiO2, 𝑒𝐶𝐵
−  is a conduction band 

electron, ℎ𝑉𝐵
+  is a valence-band hole, Red is an electron donor (i.e. reductant), Ox is an 

electron acceptor (i.e. oxidant), [-Ti4+OH●+] is the surface-trapped VB hole (i.e. 

surface bound hydroxyl radical), and [-Ti3+OH] is the surface-trapped CB electron. 

Above reactions may be summarized as follows: 
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2121 Re)(Re)( OxddOx gEhv

adsads  


 (2.11) 

 

Depending on whether the sign of the change in Gibbs free energy (ΔG°) of 

the above reaction is negative or positive, the semiconductor-sensitized reaction may 

be an example of photocatalysis or photosynthesis, respectively (Bard, 1980). 

Both crystal structures, anatase, and rutile, are commonly used as a 

photocatalyst, with anatase showing a greater photocatalytic activity (Linsebigler et 

al., 1995) for most reactions. It has been suggested that this increased photoreactivity 

is due to anatase’s slightly higher Fermi level (3.2 eV for anatase and 3.0 eV for rutile), 

lower capacity to absorb oxygen and a higher degree of hydroxylation (i.e. a number 

of hydroxyl groups on the surface) (Tanaka et al., 1991). Reactions in which both 

crystalline phases have the same photoreactivity (Deng et al., 2002) or rutile a higher 

one (Mills et al., 2003) are also reported. Furthermore, there are also studies which 

claim that a mixture of anatase (70-75%) and rutile (30-25%) is more active than pure 

anatase (Ohno et al., 2001). The disagreement of the results may lie in the intervening 

effect of various coexisting factors, such as specific surface area, pore size distribution, 

crystal size, and preparation methods, or in the way the activity is expressed (Carp et 

al., 2004). 

2.7.4.3 UV Irradiation 

Sunlight is the visible light from the sun. While the solar radiation is the combination 

of ultraviolet radiation (UV), visible light and the infrared that manages to reach the 

earth’s surface. The difference between each radiation can be distinguished using their 

wavelength. The ultraviolet radiation (UV) is defined as that portion of the 

electromagnetic spectrum between x-rays (<100 nm) and visible light (>400 nm and 

<700 nm), i.e. the wavelength is between 100 nm and 400 nm as obtained in Figure 

2.11 (Sutherland, 1997). While Table 2.32 lists the divisions of UV irradiation and 

their ranges in wavelength and photon energy. From the table, it can be noticed that 

the wavelength range of (200-280 nm) which is labeled as UVC does not reach the 

earth’s surface because the atmosphere absorbs it. The solar UV, in general, is 95% 

UVA (315-400 nm) and 5% UVB (280-315 nm) (Young, 2009). However, an exposure 
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to UVB and UVA radiation is associated with photochemical damage to cellular 

systems (Youn et al., 2011). 

 

 

Figure 2.11: Sunlight spectrum analysis (Coolibar, 2011) 

 

Table 2.32: Types of UV irradiation (Dynamics, 2013) 

Type Abbreviation Wavelength (nm) Energy/ Photon (eV) 

UVA (long wave, or black wave) UVA 315 mn-400 nm 3.10-3.94 eV 

UVB (medium wave) UVB 280 nm-315 nm 3.94-4.43 eV 

UVC (short wave, or germicidal) UVC 200 nm-280 nm 4.43-12.4 eV 

Vacuum Ultraviolet VUV 100 nm-200 nm 6.20-124 eV 

2.7.4.4 Photoinduced Superhydrophilicity of TiO2 

UV illumination of TiO2 may induce a patchwork of superhydrophilicity (i.e. 

photoinduced superhydrophilicity or PSH) across the surface that allows both water 

and oil to spread (Wang et al., 1997). This PSH is accompanied by photocatalytic 

activity, as both phenomena have a common ground; so the surface contaminants will 

be either photomineralized or washed away by water. One possible application is self-

cleaning windows. 

TiO2 upon exposed to radiation exceeding its bandgap; this radiation normally 

is in the UV wavelength region (290-380 nm). These electron-hole pairs are formed 

when an electron is elevated from the valence to the conducting band, leaving behind 

an electron-hole, as shown in Figure 2.12 (Herrmann, 1999). Where electrons reduce 
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the Ti4+ to Ti3+ state and thereby the oxygen atoms will be ejected (creation of oxygen 

vacancies). Oxygen vacancies will increase the affinity for water molecules and 

thereby transform the surface hydrophilic (Banerjee et al., 2015). The subsequent 

dissociative adsorption of water at the site renders it more hydroxylated. An increased 

amount of chemisorbed -OH leads to an increase of van der Waals forces and hydrogen 

bonding interactions between H2O and -OH. Water can easily spread across the surface 

and hydrophilic properties will be enhanced (Yu and Zhao, 2001; Yu et al., 2001) as 

shown in Figure 2.13. 

 

 

Figure 2.12: Schematic representation of photo-induced hydrophilicity 

(Banerjee et al., 2015) 

 

Water adsorption does not occur uniformly but produces an amphiphilic 

surface with alternating hydrophilic and oleophilic regions at the scale of several 

nanometres (usually <10 nm in size) (Wang et al., 1997). The hydrophilic domains 

align along the bridging oxygen sites. The reduced sites can be re-oxidized by air and 

the weakly bound hydroxyl groups reactively desorb (over some time, typically days 

in the dark) from the surface that returns to a more hydrophobic form. The longer the 

surface is illuminated with UV light, the smaller the contact angle for water becomes 

(contact angles close to 0o mean that water spreads perfectly across the surface). As 

far as the geometry of the surface is concerned, the hydrophilic properties are known 

to be enhanced by fine surface roughness (Yu et al., 2002; Yu and Zhao, 2001). PSH 
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was found to be of primary commercial importance due to the anti-fogging and self-

cleaning properties of the deposits (Carp et al., 2004). 

 

 

Figure 2.13: Photoinduced wettability switching, where a hydrophobic TiO2 surface 

(a) is converted into a superhydrophilic surface (b) upon UV-irradiation, (c) exposure 

of a hydrophobic TiO2-coated glass to water vapor results in the formation of fog 

(small water droplet), (d) antifogging effect induced by UV-illumination 

(Wang et al., 1997) 

2.7.4.5 TiO2 Crystalline Photoactivity 

TiO2 photocatalytic activity strictly depends on its crystal structure: in fact, both the 

anatase and the rutile allotropic forms show photocatalytic efficiency, while the 

amorphous oxide does not. Nevertheless, due to their high bandgap values (rutile 3.0 

eV and anatase 3.2 eV), for both phases light radiation absorption and the subsequent 

photoactivity are established only under UV irradiation (λ<400 nm) (Brunella et al., 

2007). An example is shown in Figure 2.14 showing process of decomposition of 

organic pollutants. 
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Figure 2.14: Schematic illustration of the photo-oxidation of an organic pollutant on 

a photocatalyst surface (Hanaor and Sorrell, 2011) 

 

Despite the larger experimental bandgap of anatase compared to rutile, the 

photocatalytic performance of anatase generally is considered superior to that of the 

more stable rutile. This is attributed to: 

i. A higher density of localized states. 

ii. Consequent surface-adsorbed hydroxyl radicals. 

iii. Slower charge carrier recombination in anatase relative to rutile (Setiawati and 

Kawano, 2008), parameters that contribute to improved performance. 

Owing to the different crystal structures and associated exposed planes of the 

two polymorphs, anatase has been reported to have a lower surface enthalpy and lower 

surface free energy than rutile (Zhang and Banfield, 1998). Hence, it would be 

expected that the wetting of anatase by water would be less than that of rutile since 

higher surface free energies generally contribute to hydrophilicity (Rupp et al., 2006). 

However, the photoactivity of anatase and rutile have been examined and 

interpreted by Sclafani and Herrmann (1996) with reference to the densities of surface-

adsorbed species (Sclafani and Herrmann, 1996). This study showed that higher levels 

of radicals adsorbed on the anatase surface give rise to significantly higher 

photoactivity than rutile. This result was reported to be due to a higher surface area as 

well as a higher photoactivity per unit of surface area. A similar result was found by 

Augustynski (1993), who reported that surface-bonded peroxo species on anatase were 

absent from rutile surfaces (Augustynski, 1993).  

In contrast to the widely reported photocatalytic superiority of anatase, several 

publications have suggested that, in some cases, rutile may be advantageous for certain 

applications (Ohno et al., 2003). 
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2.7.4.6 TiO2 Wettability under UV Irradiation 

Control of the wettability of solid surfaces is an important technology in various fields, 

including printing, adhesion, and coating. Various methods for controlling the 

wettability of solid surfaces have been reported. One of these methods is light 

irradiation has also been proposed and has attracted a great attention, owing to its high 

wettability conversion rate and the ability to produce microscopic patterns of 

hydrophilic and hydrophobic regions (Kamei and Mitsuhashi, 2000) as described 

earlier. An amphiphilic and super-hydrophilic TiO2 surface can be obtained by 

ultraviolet irradiation (Wang et al., 1998b), which should be beneficial to the 

bioactivity of TiO2 surface (Liu et al., 2008). Recently, it was found that ultraviolet 

(UV) irradiation of TiO2 materials produces a highly hydrophilic surface, exhibiting 

0o contact angle for water. This phenomenon is considered to be due to structural 

changes of TiO2 itself (Wang et al., 1997), which proceed totally differently from the 

conventional photocatalytic oxidation reactions. This highly hydrophilic surface 

returns gradually to the initial relatively hydrophobic one in the dark. Table 2.33 

summarised the parameters and results from related studies (Miyauchi et al., 2002).  

 

Table 2.33: Studies on the wettability conversion contact angle (CA) on TiO2 thin 

films induced by UV irradiation 

UV parameters TiO2 characterisation Results/Explanation References 

Power 250 W 

Wavelength 365 nm 

Intensity 50 mW/cm2 

100 nm TiO2 anatase 

nanoparticle coating 

CA Initial 161o 

After 10min 20o 

After 30min 6o 

(Stepien et al., 

2012)  

Wavelength 172 nm 

Intensity 1.0 

mW/cm2 

550 nm TiO2 anatase 

thin film 

CA After 10 min 20o 

After 120 min 2.5o 

(Katsumata et al., 

2006)  

Wavelength 254 nm 10 nm TiO2 

nanoparticle deposition 

CA Initial 117.6o 

Become 62.5o 

(Li et al., 2013)  

Power 10 W 

Wavelength 365 nm 

500 nm TiO2 anatase 

thin film 

CA Initial 55o 

After 60 min 5o 

(Miyauchi et al., 

2002)  

Wavelength 365 nm 18 µm TiO2 

nanocrystalline thin 

film 

CA Initial 156o 

40 mW/cm2 after 90 min CA 0o 

30 mW/cm2 after 120 min CA 0o 

20 mW/cm2 after 180 min CA 10o 

10 mW/cm2 after 180 min CA 150o 

(Liang et al., 

2012)  

Wavelength 365 nm 

Intensity1.0 mW/cm2 

300 nm TiO2 anatase 

nanocrystalline 

CA Initial 35o 

After 100min 5o 

After 140min 25o 

After 280min 0o 

(Watanabe et al., 

1999)  
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Figure 2.15 shows a small droplet in equilibrium on a horizontal surface. The 

degree of wetting (the term wetting is used regardless of the nature of the liquid; hence 

dry means not that water is absent, but that all liquid is absent) is inversely proportional 

to the contact angle θ; when θ=0o corresponds to complete wetting (Young, 1832). 

 

 

Figure 2.15: Cross section of small droplets of a liquid L sitting at equilibrium on a 

horizontal surface S in the presence of their vapor V: (a) A relatively hydrophobic 

surface, and (b) a relatively hydrophilic surface (assuming L=H2O) (Young, 1832) 

2.7.4.7 Bioactivity of TiO2 under UV Irradiation (In Vitro Test) 

Reseaches have reported the bioactivity of TiO2 irradiated by UV in in vitro testing. 

Some have reported UV irradiation prior to in vitro in SBF and culture cell, in the air 

and in the water. Others have reported the irradiation of UV during the in vitro testing 

in SBF. Table 2.34 list in vitro studies reporting the bioactivity of TiO2 under UV 

irradiation in SBF as illustrated in Figure 2.16 and in cell culture. These reports have 

concluded an achievement bioactivity enhancement of surface bioactivity of TiO2 

coatings can be induced by UV illumination by means of both in vitro and in vivo 

evaluation and the ability of apatite formation on the TiO2 surface was improved with 

the increase of UV irradiation time. 

2.7.5 Colour Properties of TiO2 

The TiO2 that spontaneously form on the Ti colour has no colour. The TiO2 that is 

formed using anodic oxidation has colourful appearances, depend on the anodization 
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parameters. It has been reported that the colour interference of the TiO2 can indicate 

the thickness of the oxide (Delplancke et al., 1982). Therefore it is of imperative to 

study the colour properties of TiO2. 

 

Table 2.34: In vitro and in vivo studies on TiO2 thin film induced by UV irradiation 

UV parameters TiO2 

characterisation 

UV 

treatment 

In vitro Results/Explanation References 

Power: 500W 

Wavelength: < 

280 nm 

The lamp was 

set at a distance 

of 15 cm from 

the sample. 

0.5g 

Compacted 

TiO2 anatase 

powder 

Prior to in 

vitro test in 

air for 5 hr 

at room 

temperature 

4 weeks in 

1.5 M 

SBF 

 

TiO2 irradiated to UV 

were able to induce 

apatite 

(Kasuga et 

al., 2002) 

Power: 125W 

Wavelength: 

365 nm 

30nm anatase 

nano-TiO2 

powder formed 

by plasma 

spray 

Prior to in 

vitro test in 

air for 24 

hr at room 

temperature 

4 weeks in 

SBF 
TiO2 coating was able to 

induce apatite under UV 

(Liu et al., 

2006) 

Wavelength: 

365 nm 

 30nm anatase 

nano-TiO2 

powder formed 

by plasma 

spray 

Prior to in 

vitro test 

for 12 hr 

and 24 hr 

in air, and 

during the 

in vitro test 

12 hr/day. 

2 and 4 

weeks in 

SBF 

6 months 

in vivo 

Apatite forms more 

quickly in SBF when 

irradiated duting the in 

vitro compared to UV 

prior to in vitro. New 

bones was formed on the 

UV irradiated TiO2 

coating after 

implantation for 2 or 6 

months. 

(Liu et al., 

2008) 

Wavelength: 

365 nm 

Intensity: 170 

mW/cm2 

The lamp was 

set at a distance 

of 3.5 cm from 

the sample. 

Anatase TiO2 

gel layer 

formed by 

H2O2/HCl 

solution and 

heat treatment 

Prior to in 

vitro test 

for 1 hr in 

air and 

water 

1 day in 

Kokubo’s 

SBF 

The UV irradiation in air 

reduced the number of 

active sites for apatite 

nucleation. On the 

contrary, however, the 

UV-irradiation in water 

increased them. 

(Uetsuki et 

al., 2010)  

Power: 15 W 

Intensity: 0.1 

mW/cm2 

(360±20nm) 

Intensity: 2 

mW/cm2 

(250±20nm) 

 

200 nm TiO2 

nano layer 

formed by 

Sputter coating 

method 

Prior to in 

vitro test 

for 48 hr 

3 and 24 

hr in cell 

culture 

UV irradiation has 

accelerated and 

augmented the 

establishment of 

osteoblast adhesion, 

associated with 

upregulated expression of 

vinculin. 

(Iwasa et al., 

2010) 

Wavelength: 

254 nm  

 
TiO2 formed by 

dip coating in 

Sol-gel of 

Ti6Al4V 

Prior to in 

vitro test 

for 2 hr in 

water 

14 days in 

SBF 

UV irradiation causes the 

increase of basic Ti-OH 

groups and the decrease 

of the water contact 

angle, so better the 

apatite-forming ability. 

(Guo et al., 

2010) 
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Table 2.34: Continued 

UV 

parameters 

TiO2 

characterisation 

UV 

treatment 

In vitro Results/Explanation References 

Wavelength: 

365 nm 

 

TiO2 coating 

formed by 

chemically 

treated with 5 M 

H2O2/ 0.1 M 

HNO3 aqueous 

solutions at 353 K 

for 20 min. 

 During the 

in vitro test 

2 days in 

SBF 

The continuous UV has 

promoted a much larger 

number of clusters than 

the TiO2 coating formed 

under in the dark. 

(Ueda et al., 

2010) 

Wavelength: 

365 nm 

 

TiO2 coating 

formed by MAO 

in a 0.2 M 

calcium acetate 

monohydrate and 

0.02 M b-

glycerophosphate 

disodium salt 

pentahy- 

drate 

Prior to in 

vitro test for 

0.5 hr and 2 

hr in air 

19 days 

in SBF 

and 3 

days in 

cell 

culture 

TiO2 coatings irradiated 

under UV was able to 

induce apatite, and not for 

the not irradiated ones. 

Significantly greater cell 

attachment, proliferation 

obtained under UV 

irradiated coatings than 

the coatings that were not 

irradiated. 

(Hans et al., 

2008) 

Wavelength: 

365 nm 

Intensity: 7 

mW/cm2  

TiO2 formed by 

gel oxidation 

During in 

vitro test for  

1 day in 

SBF 

UV radiation enhanced 

apatite precipitation with 

anatase but the effect of 

rutile was to suppress it 

(Abdullah 

and Sorrell, 

2012) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Schematic of setup for UV irradiation of specimen during soaking in 

SBF (Abdullah, 2010) 

UV Light 

SBF 

Specimen 

Rubber band 

Expandable polymer membrane 



59 

 

2.7.5.1 Colour System 

Colour is associated with visible light waves (wavelength distributions). Visible light 

is a very small part of electromagnetic energy; wavelengths within violet (400 nm) and 

red (700 nm) of the electromagnetic spectrum (Figure 2.17) (Harold, 2001; Vuvlsteker, 

2004). The selective absorption of the different amount of wavelengths within violet 

and red described as the colour of objects. Wavelengths not absorbed are reflected or 

transmitted by objects and thus visible to observers. The colour measurement for the 

scientific purpose is based on numerical representations or quantification of three 

colour response mechanisms in the human eye (Harold, 2001). 

 

 

Figure 2.17: Visible light (wavelength, 400-700 nm) as part of electromagnetic 

energy (Vuvlsteker, 2004) 

2.7.5.2 Colour Measurement  

Colour measurement by visual is subjective and difficult to correlate the observation 

of different observer. Scientific colour measurement is based on numerical 

representation due to difficulty to identify constantly, even for the same observer. 

Quantitative technique to measure colour are designed to be used as standard 

measurement. 

The opponent-colours (L,a,b-type) colour scale are used in this study to 

measure the colour of the samples. The L, a, b-type scale originally developed and 
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refined by Richard S. Hunter between 1942 and 1958. In 1976, the CIE adopted 

another L, a, b-type scale identified as the CIE 1976 L* a* b* scale (“CIELAB” scale). 

It is the currently recommended colour scale in almost all domestic and international 

colour measurement test methods and specifications (Harold, 2001). 

The concept of opponent-colours colour scale can be represented on a 3-

dimensional axis (Figure 2.18). Opponent colour pairs (red-green and yellow-blue) are 

positioned on opposite ends of the horizontal axis. The lightness index is positioned 

on the vertical axis (Busby et al., 1999). The value of the coordinate can be 

summarized in Table 2.35. The further away a point from the centre (a*,b*) = (0,0), 

the higher colour saturation. This quantity is measured using chromaticity (amount of 

colour) (Gils et al., 2004). 

 

22   batyChromatici  (2.12) 

 

 

Figure 2.18: CIELAB chromaticities diagram (Harold, 2001)
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Table 2.35: The value of the coordinate CIELAB 

Colour Value Colour Value 

Red +a* Green -a* 

Yellow +b* Blue -b* 

White L=100 Black L=0 

2.7.5.3 Ti and TiO2 Colour 

Ti is well known that covered by a passive film TiO2 with 1.5-10 nm thick that has no 

colour when exposed to the atmosphere (Sul et al., 2001). The colour of TiO2 depends 

on the film thickness. According to multiple-beam interference theory, the colouring 

results from interference from between the light beams that are reflected from film 

surface (reflected light ray 1) and film-substrate interface (reflected light ray 2) as 

shown in Figure 2.19 (Delplancke et al., 1982). From Figure 2.19 the following can 

be outlined: 

i. Initial white light is split into normal and abnormal rays upon entry in the film. 

ii. It concludes that two wavelengths of light emerged from the film. 

iii. Destructive interference of the two wavelength modified wavelengths of 

emerged light 

iv. The thickness of film determines relative phases of two emergent wavelengths 

owing to internal reflection. 

v. The angle of incidence also affects the proceeding. 

 

 

Figure 2.19: Interference between two waves reflected at both surfaces of an oxidised 

metal (Delplancke et al., 1982; Gils et al., 2004) 
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2.7.5.4 TiO2 Colour by Anodic Oxidation  

The electrochemical process of Ti anodic oxidation generates TiO2 on the metal 

surface, whose thickness can range from 10 nm to some micrometers, depending on 

the process parameters imposed, such as feeding voltage and an electrolytic solution. 

The so formed oxide presents different characteristics, such as thickness, colour, 

density, homogeneity and insulating properties (Diamanti and Pedeferri, 2007). 

Traditional anodizing consists of a low voltage anodizing of Ti in an acidic 

solution to achieve the formation of a thin, amorphous oxide layer, from 10 to a few 

hundred nm thick, which shows colours that change with its thickness due to 

interference effects between oxide, metal, and light (Gaul, 1993). The characterisation 

of these oxides is mainly performed through spectrophotometry, whose output is a 

reflectance curve that contains information on the oxide thickness: this parameter can 

be extrapolated through the application of interference principles (Gils et al., 2004). 

At higher oxide thicknesses the interference effect is lost, together with the surface 

colour. In some circumstances, oxide crystallization may also occur and impede 

interference, giving a grey surface as a result (Diamanti et al., 2013). Colouring of the 

resultant Ti anodic oxide films was the most prominent optical change during 

galvanostatic anodizing (Sul et al., 2001). Figure 2.20 shows various colours of the 

anodic oxide film prepared from the clinical implant specimens. 

 

 

Figure 2.20: Colouring of the clinical Ti implants prepared by anodic oxidation in 0.5 

M tartaric acid (Sul et al., 2001) 
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2.8 Anodic Oxidation 

Anodic oxidation is a technique and/or method used to form an oxide layer or on metals 

substrates such as Al, Ti, Mg, and Zr. It can be used for producing increased oxide 

thickness (for enhanced corrosion protection and decreased ion release), colouration, and 

porous coatings (Brunette et al., 2012). It mechanism depends on the reaction of 

electrodes combined with the electric field which drives the metal and oxide ion to 

diffuse and form an oxide layer on the anode surface (Liu et al., 2004; Wu et al. 2005). 

Anodization is simple techniques that are useful at low temperature (Xiao et al., 2003). 

Many studies have reported the formation of bioactive TiO2 on Ti (Guo et al., 

2010; Song et al., 2009; Uetsuki et al., 2010). Anodization has been successfully used 

as a surface treatment for orthopaedic implants in the past few decades because it can 

produce implants with porous, relatively rough, and firmly adherent TiO2 film. The 

porous nature of the anodised films enhances the anchorage of the implants to the 

natural bone (Song et al., 2009). The structural and chemical properties of anodic oxides 

on Ti can be varied over quite a wide range by controlling the processing parameters, such as 

anode potential, electrolyte composition, temperature, and current. Different diluted acids 

(H2SO4, H3PO4, CH3COOH, and others) are commonly used electrolytes for anodic 

oxidation of titanium (Brunette et al., 2012). The anodization set up is schematically 

shown in Figure 2.21. The Ti and O ions formed are driven through the oxide by the 

externally applied electric field, leading to the growth of the oxide film. The reactions 

of oxidation at the anode are as follows (Brunette et al., 2012): 

At the Ti/Ti oxide interface:  

 

  eTiTi 22  (2.13) 

 

At the Ti oxide/electrolyte interface: 

 

  HOOH 422 2

2  (oxygen ions react with Ti to form oxide) (2.14) 

  eHgasOOH 44)(2 22  (O2 gas evolves) (2.15) 

 

At both interfaces: 
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  eTiOOTi 22 2

22
 (2.16) 

 

 

Figure 2.21: Schematic diagram of the anodizing process  

(Abdullah and Sorrell, 2007a) 

2.8.1 Anodic Oxidation Conditions  

The anodic oxidation process can be done either at constant voltage and it is called 

“poteniostatic” (stage 1) or at constant voltage and constant current (galvanostatic) 

(stage 2) as seen in Figure 2.22. The timing to move from stage 1 to stage 2 depends 

on the voltage (V) and current density (mA.cm-2) limits. The higher the maximum 

voltage and the lower maximum the current density, the longer is the time Stage 1.  

There are two types of anodic oxidation according to the applied voltage: 

i. Below what is called (dielectric breakdown) phenomena as seen in Figure 2.23, 

the anodic oxide film is relatively thin and usually non-porous using non-

fluorine electrolytes (Choi et al., 2004). 
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ii. If the applied voltage exceeds the dielectric breakdown limit of the oxide, the 

oxide will no longer be resistive to prevent further current flow and oxide 

growth, which will lead to more gas revolution and sparking. The anodic 

oxidation under these conditions is called Micro-Arc Oxidation (MAO) of Ti 

in electrolyte solutions whose ions would be embedded into the oxide coating, 

resulting in a microporous structure (Li et al., 2004). The dielectric breakdown 

voltage is reported to be between 100 V-150 V depending on the electrolyte, 

current density and other process conditions (Brunette et al., 2012). Table 2.37 

shows the anodizing parameters of some MAO studies. 

 

 

Figure 2.22: Schematic diagram example of anodic oxidation process at 35 mA.cm-2 

and 180 V for 60 minutes (Oh et al., 2008) 

 

 

Figure 2.23: Schematic diagram of porous TiO2 formation above the breakdown 

potential (a) oxide growth to maximal thickness, (b) burst of oxide by the formation 

of crystallites (pore formation), (c) immediate repassivation of pore tips, (d) burst of 

repassivated oxide, and (e) dissolution of the formed oxide and second repassivation 

(Chio et al., 2004)
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Table 2.36: Experimental parameters of some MAO studies 

Electrolyte 

Composition 
Molarity 

Voltage (current 

density) 
Time (S) Temperature (oC) References 

Sulfuric acid 1 125 - - (Zinger et al., 2003) 

0.5, 1, 3 90, 155, 180 - - (Yang et al., 2004a) 

Phosphoric acid 1 40-80 (70 A/cm2) 10-47 17 (Sul et al., 2001) 

2.8.2 Anodic Oxidation Growth Rate 

As long as the electric field is strong enough to drive the ions through the oxide, a 

current will flow and the film will continue to grow. This is why the final oxide 

thickness, d, during anodic oxidation is almost linearly dependent on the applied 

voltage, U: 

 

Ud   (2.17) 

 

Where,  

α is the growth constant which is usually in the range 1.5 - 2.0 nm V-1, d is the oxide 

thickness and U is the voltage (Ben-Nissan et al., 2015). 

Basically, the anodic film growth is determined by a balance between the oxide 

film formation rate and the oxide dissolution rate given by the nature of the electrolyte 

(Sul et al., 2001). Crystallization of TiO2 is promoted by a low oxidation rate, which 

allows the growing oxide to rearrange its structure while building up. It is also 

favoured by high voltages, when a localized breakdown of the oxide takes place in 

defective points of the oxide itself, leading to structural change (Diamanti et al., 2013). 

2.8.3 Corrosion Resistance and Adhesive Strength of TiO2 

The performance of Ti and Ti-based alloys in surgical implant applications can be 

evaluated with respect to their biocompatibility and capability to withstand the 

corrosive species involved in fluids within the human body. It is well documented that 

the excellent corrosion resistance of Ti materials is because of the formation of a dense, 

protective, and strongly-adhered passive film. 

Ti is a highly reactive metal and reacts within microseconds to form oxide layer 

upon exposure to the atmosphere. Although the standard electrode potential was 
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reported to range from -1.2 to -2.0 volts for the Ti ↔Ti+3 electrode reaction, owing to 

strong chemical affinity for oxygen, it easily produces a compact oxide film, ensuring 

high corrosion resistance to the metal. This oxide which is primarily TiO2 forms 

readily because it has one of the highest heats of reaction known (∆H=-915 k mol-) 

(for 298.16 ~ 2000 oK). It is also quite impenetrable by oxygen (since the atomic 

diameter of Ti is 0.29 nm, the primary protecting layer is only about 5 to 20 atoms 

thick). The oxide layer formed adheres strongly to the Ti substrate surface. The 

average single-bond strength of the TiO2 to Ti substrate was reported to be about 300 

kcal.mol-1. Adhesion and adhesive of Ti oxide to the substrate are controlled by 

oxidation temperature and thickness of the oxide layer as well as the significant 

influence of the nitrogen on oxidation in air. In addition, adhesion is greater for 

oxidation in the air than in pure oxygen, suggesting that the influence of nitrogen on 

the oxidation process is significant. Studies have reported the decreases of adhesion 

strength as the layer thickness increased. The adhesion strength also decreased with 

the increased oxidation temperature, despite the increased of oxide plasticity (Oshida 

and Farzin-Nia, 2009). 

Anodization of Ti can produce an increased thick protective TiO2 layer that can 

lead to a less ion release in the human body. This relatively thin, non-porous oxide 

layer under the porous oxide structures is considered to contribute to the improvement 

of corrosion resistance. However, it was suggested that the implants’ mechanical 

properties could be impaired with increased spark coating thickness. The interface 

between the anodic oxide layer and the Ti substrate usually does not show any 

discontinuity (Chiesa et al., 2003). Table 2.38 lists some studies on adhesion strength 

between the Ti substrate and TiO2 coating. 

 

Table 2.37: Adhesion strength between the Ti substrate and TiO2 coating 

Treatment Adhesion strength References 

Ti sparkly anodised in CaH2(PO4)2   25 MPa (Schreckenbach et al., 1999)  

Cp-Ti anodised in β-glycerophosphate (β-GP) 

and calcium acetate (CA) 

40 MPa (Ishizawa and Ogino, 1995)  

Plasma-sprayed Ti and zirconia ZrO2 coated Ti 15-30 MPa (Yang and Ong, 2003)  

MAO of Ti conducted in an electrolyte calcium 

acetate ((CH3COO)2Ca·H2O) and monosodium 

orthophosphate (NaH2PO4·2H2O). 

48.5 N (Liu et al., 2016)  

Ti anodised in ethylene glycol/NH4F system as 

electrolyte 

58 N (Zhao et al., 2014)  
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2.8.4 Anodic Oxidation of Ti in Sulphuric Acid (H2SO4) 

Anodic oxidation comprises electrode reactions in combination with electric field 

drove metal and oxygen ion diffusion leading to the formation of an oxide film on the 

anode surface (Liu et al., 2004). The electrolyte used as a conductive medium in the 

anodization process. Different diluted acids such as diluted acids, i.e., sulphuric acid 

(H2SO4), phosphorous acid (H3PO4) and acetic acid (CH3COOH) can be used as 

electrolytes (Liu et al., 2004). The different acidic electrolytes have a different effect 

on the resulted TiO2 coating, i.e., microstructure, mineralogical, thickness and colour. 

The anodization parameters also can influence the properties of the TiO2, i.e., applied 

voltage, anodization time, electrolyte concentration, current density and temperature 

of the electrolyte. 

Anodic oxidation of Ti in H2SO4 can form crystalline TiO2 (anatase and rutile) 

on Ti surface to modify the structure and bioactivity of biomedical Ti (Ikonopisov, 

1977). H2SO4 is categorised as an electrolyte that provides slow metal dissolution 

(Yerokhin et al., 1999); therefore the anodic oxide formation rate is much higher than 

the dissolution rate (Capek et al., 2008). The TiO2 film with anatase and rutile structure 

can be formed on the surface of Ti by anodic oxidation in the H2SO4 electrolyte. H2SO4 

is classified as an optimal electrolyte by Diamanti and Pedeferri (2007) when the 

ultimate aim of anodization is obtaining anatase phase (Diamanti and Pedeferri, 2007). 

It has been shown that anodised titanium in H2SO4 electrolyte forms bone-like apatite 

on its surface in SBF within 3 days (Kokubo et al., 2003). Kokubo, Kim, and 

Kawashita, (2003) also reported that Ti-OH groups are the catalyst for the apatite 

nucleation in the SBF and Ti-OH groups in the anatase structure are the most effective 

compared to rutile and brookite. Ti with oxide film also forms apatite on its surface in 

vivo which bonds to living bone (Liang et al., 2002).  

There are several studies on anodic oxidation in deluted H2SO4 electrolyte due 

to the possibility that the properties of the oxide film could fulfill the requirement for 

biomaterials (implants in dentistry and orthopaedic). Table 2.39 summarised the 

parameters and results from these studies.



69 

 

Table 2.38: Parameters and results from studies on biomaterials applications using 

deluted H2SO4 electrolyte 

2.8.5 Anodic Oxidation of Ti in Phosphoric Acid (H3PO4) 

Ti anodised in H3PO4 could be possibly used to produce thin and thick anodic films on 

the surface (Afshar and Vaezi, 2004). Anodic oxidation results in a thickening of the 

oxide film which may improve the biocompatibility of the anodised implant (Sul et 

al., 2001). According to Park, 2008 (Park, 2008), H3PO4 electrolyte contributes to 

larger pore sizes on the surface compared to H2SO4. H3PO4 is categorised as an 

electrolyte that provides slow metal dissolution (Jaeggi et al., 2005); therefore the 

anodic oxide can be developed on Ti surface. Jaeggi et al. (2006) explained that H3PO4 

oxides were slightly thinner than oxides grown in H2SO4 under the same conditions. 

H3PO4 electrolyte can results in oxides that are also less crystalline compared to H2SO4 

at the same applied voltage. An oxide grown under 100 V in H3PO4 shows almost the 

Parameters Results/Explanation References 

1 M H2SO4 

DC power supply 

1 min anodizing 

90, 155, and 180 V 

• > 150 V - Spark discharge  

• 90 V - Anatase 

• 155 V  - Anatase + rutile 

• 180 V  - Rutile 

(Yang et al., 

2004)  

0.25-2 M H2SO4 

Current density: 100-1080 

mA.cm-2 

Voltage: 10-150 V 

• 90 V - Anatase 

• 150 V - Anatase + rutile 

(Diamanti and 

Pedeferri, 2007)  

1 M H2SO4 • <200 V - less rutile formation 
(Hitchman et 

al., 1996)  

0.5 M H2SO4 

Current density: 5 mA.cm-2 

Voltage: 5-30 V 

• 5 V - Amorphous  

• >10 V - Polycrystalline 

(Chang-Ha et 

al., 1991)  

1 M H2SO4 

Current density: 30 mA.cm-2 

Voltage: ≤120 V 

• >80 V - Spark (polycrystalline) 

• 120 V - Anatase + rutile 

(de Mussy et 

al., 2003)  

1 M H2SO4 

Voltage: 10, 20, 100, 150 V 

• 10 V - Small amount of anatase 

• 20 V - Porous layer forms 

(Jaeggi et al., 

2006)  

0.5, 1.0, 2.0 M H2SO4 

Voltage: 100, 150, 180 V 

• 100 - 180 V - pore size increased 

• 180 V (2 M H2SO4) - High apatite forming ability 

(Xiong et al., 

2004)  

1.5 H2SO4  

Current density: 60 mA.cm-2 

10 min 

• 100 V anatase 

• 150 V anatase + rutile 

• 300 V rutile (Abdullah, 

2010)  1.5 H2SO4  

Current density: 5 mA.cm-2 

10 min 

• 100 V-150 V anatase 

 

2 M  H2SO4  

1 min 

• 100 V - anatase 

• 150 V - anatase + rutile 

• 180 V - rutile 

(Cui et al., 

2009)  

0.1 M H2SO4 

0.1 V.S-1 

• 100 V - anatase 

• 200 V - anatase + rutile 

(Yamamoto et 

al., 2011)  
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same Raman signal as an oxide grown under 50 V in H2SO4 (Jaeggi et al., 2006). This 

is all is believed to be due to the slower dissociation rate of H3PO4 than H2SO4 

(Murmson, 2017). This is can cause lower electric field flow to dive ions through the 

oxide in the electrolyte due to the increased electrolyte density and therefore slower 

oxide growth. Thus lower oxide thickness, crystallisation, and porosity due to lower 

breakdown. 

Anodic films with different colours can be produced in the deluted H3PO4 

electrolyte. The colour of the films is indicative of the thickness of the film. The 

relation between colour and thickness of the oxide depends on the anodization process 

and the electrolyte (Kuromoto et al., 2007). Sul et al. (2001) reported that the 

electrochemical growth of the oxide on the Ti depends on anodic parameters such as: 

i. Concentration of the electrolyte. 

ii. Applied current density. 

iii. Applied voltage. 

iv. Temperature. 

v. Agitation speed. 

vi. Surface area ratio of cathode to anode. 

There are several studies on anodic oxidation in H3PO4 electrolyte due to the 

properties of the oxide film that possibly fulfill the requirements for biomaterials as an 

implant in dentistry and orthopaedics. Table 2.40 shows the parameters and results 

from several studies on biomaterial applications. 

Acetic acid (CH3OOH) is considered the weaker acid when compared to H2SO4 

and H3PO4. Previously, acetic acid has been used as the electrolyte in Ti and Ti alloy 

anodization with the goal of improving corrosion resistance (Milošev et al., 2013), 

enhancing surface biocompatibility for biomedical uses (Xie et al., 2010), and 

fabricating TiO2 nanotube structures in non-aqueous media (Ge et al., 2008). 

2.8.6 Anodic Oxidation of Ti in Mixed Acids (H2SO4 + H3PO4) 

These acidic electrolyte mixtures were used in a specific manner to control the surface 

morphologies, especially with regard to the porosity for a particular application. 

According to Park et al. (2007), anodizing in H3PO4 at high voltages produced pores 

with a large diameter whereas fine pores rapidly developed in H2SO4. Mixtures of 
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H2SO4 and/or H3PO4 and/or H2O2 electrolyte were used to produce the desired 

properties of biomaterials, such as (Park and Lakes, 2007): 

 

Table 2.39: Summary of studies on biomaterials applications using H3PO4 as an 

electrolyte 

Parameters Results/Explanation References 

1.4 M H3PO4 

DC power supply 

50, 100, 150, 200 and 250 V 

• 200 V - Spark discharge  

- Anatase 
(Kuromoto et al., 2007) 

1.0 M H3PO4 

DC power supply 

Current density: 5 mA.cm-2 

20, 40, 60, 80 and 100 V 

• >100 V - Spark discharge 

• 20-100 V - Anatase + amorphous 
(Sul et al., 2001) 

1.0 M H3PO4 

10 - 150 V 

• 10 V - Anatase starts to form 

• >150 V - Spark discharge 
(Jaeggi et al., 2006) 

0.01, 0.05, 0.1 and 0.5 M H3PO4 

Current density: 9.75 mA.cm-2 

Heat treatment:  600°C 

• Anodised Ti - Amorphous 

• Anodised + Heat treatment 

• Anatase 

(Afshar and Vaezi, 2004) 

0.01 M H3PO4 

DC power supply 

Current: 150 mA 

Time:  90 s 

• Film contains phosphorous 

• Anatase 
(Frauchiger et al., 2004) 

0.05-0.3 M H3PO4 

7 mA.cm-2 
• 263-380 V amorphous + anatase (Zhu et al., 2002) 

 

i. Micro-porous or nanoporous structure:  

a. Induces the growth of bone tissue into the pores.  

b. Develops strong mechanical interlocking between the implant and the 

bone tissue. 

ii. Biocompatibility of the material:  

a. The biochemical and mechanical properties combine to develop strong 

bone adhesion.  

iii. Chemical composition:  

a. Rapid bone adhesion and a high degree of bone coherence are obtained. 

There are several studies on anodic oxidation in mixed solution (H2SO4 + 

H3PO4) electrolytes. Table 2.41 summarised the parameters and results from these 

studies. Table 2.42 obtain the difference between the titanium samples anodised in 

sulphuric acid H2SO4 and phosphoric acid H3PO4 in several aspects.



72 

 

Table 2.40: Parameters and results from studies on biomaterials applications using 

mixed solution (H2SO4 + H3PO4) electrolyte 

 

Table 2.41: The difference between samples anodised in sulphuric acid H2SO4 and 

phosphoric acid H3PO4 

 

Each testing type has advantages and disadvantages. By understanding the 

liabilities of the testing types, it offers an insight into the validity of the conclusions 

arrived by researchers. 

Parameters Results/Explanation References 

1.5 M H2SO4 + 0.3 M H3PO4 

5 mA.cm-2, 50 min 

• 90 and 180 V - anatase 

 
(Abdullah, 2010)  

1.5 M H2SO4 + 0.3 M H3PO4 

20 mA.cm-2, 30 min 

• 90 and 180 V - anatase 

 
(Abdullah and Sorrell, 2007b) 

0.25 M H2SO4 + 0.5 M H3PO4 

80 mA.cm-2, Few minutes 

• 100 and 200 V - anatase 

 
(Diamanti et al., 2011)  

1.5 M H2SO4 + 0.3 M H3PO4 

30 min 
• 180 V - anatase (Oh et al., 2005)  

0.9 M H2SO4+0.1 M H3PO4 

35 mA.cm-2, 30 min 
• 180 V – anatase + rutile (Oh et al., 2008)  

H2SO4 H3PO4 References 

Oxide thickness 

Oxidation parameters: 1 M H2SO4 ,1 M H3PO4 at 5 V/s (Jackson and Ahmed, 2007; 

Kern et al., 2005)  Higher than H3PO4  

Crystallisation 

More progressed and higher amount 

of crystalline than  H3PO4 
 

(Jackson and Ahmed, 2007; 

Kern et al., 2005) 

Breakdown voltage 

0.1 M H2SO4 ,0.1 M H3PO4 
 

(Abdullah, 2010)  

 

100 V 100 V 

1.5 M H2SO4 ,1.5 M H3PO4 

150 V 100 V 

1 M H2SO4 ,1 M H3PO4 at 20 mA.cm-2 (Song et al., 2009)  

 110 V 200 V 

Pore formation 

1 M H2SO4  at 180 V, 1 M H3PO4 at 200 V 
(Tümmler et al., 2011)  

 
Small pores and rougher surface 

than H3PO4 

Bigger pores and lesser surface 

roughness than H2SO4  

1 M H2SO4 ,1 M H3PO4 at 20 mA.cm-2 

(Song et al., 2009) Smaller surface roughness 100 -

200 nm 

Smaller surface roughness  

1 µm 

1.5 M H2SO4, 0.3 M H3PO4 
(Abdullah, 2010)  

 
Maximal pore 0.5 µm, smaller 

pore 

Maximal pore 1 µm, bigger 

pore 
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2.9 Biological Testing 

There are three broad categories of biological testing; 

i. In vitro testing. 

ii. In vivo testing. 

iii. In silico testing. 

2.9.1 In vivo Studies 

In vivo (Latin synonym: within the living) refers to experimentation using a whole, 

living organism as opposed to a partial or dead organism. Animal studies and clinical 

trials are two forms of in vivo research. In vivo testing is often employed over in vitro 

because it is better suited for observing the overall effects of an experiment on a living 

subject. 

While there are many reasons to believe in vivo studies have the potential to 

offer conclusive insights about the nature of medicine and disease, there is a number 

of ways that these conclusions can be misleading. For example, a therapy can offer a 

short-term benefit, but a long-term harm (Kinnings et al., 2009). 

2.9.2 In Silico Studies 

In silico is an expression which means a testing performed on the computer or via 

computer simulation expression, which means to characterise biological experiments 

carried out entirely in a computer. 

Although in silico studies represent a relatively new avenue of inquiry, it has 

begun to be used widely in studies which predict how drugs interact with the body and 

with pathogens. For example, a 2009 study used software emulations to predict how 

certain drugs already on the market could treat multiple-drug-resistant and extensively 

drug-resistant strains of tuberculosis (Kinnings et al., 2009). 
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2.9.3 In vitro Studies 

In vitro (Latin synonym for: within the glass) refers to the technique of performing a 

given procedure in a controlled environment outside of a living organism. Many 

experiments in cellular biology are conducted outside of organisms or cells. Viruses, 

which only replicate in living cells, are studied in the laboratory in cell or tissue culture, 

and many animal virologists refer to such work as being in vitro to distinguish it from 

in vivo work in whole animals. One of the abiding weaknesses of in vitro experiments 

is that they fail to replicate the precise cellular conditions of an organism, particularly 

a microbe. Because of this, the in vitro studies may lead to results that do not 

correspond to the circumstances occurring in a living organism. 

Until the last several years, efforts to detect and identify microorganisms in the 

human body have depended almost exclusively on in vitro studies. As a result, many 

researchers began to assume that chronic diseases were not caused by microbes. The 

net effect of all this was that the understanding of pathogens in disease was driven by 

the study of well-known, easy-to-culture microbes–which, as it turns out, represent the 

vast minority of bacteria in the human body. By one estimate, 99.6% of the species in 

the human microbiota have not or cannot be characterised through in vitro techniques 

(Relman, 1998). 

2.9.3.1 Types of In vitro Studies 

In vitro studies includes: 

i. Isolation. 

ii. Growth and identification of cells derived from multicellular organisms in 

(cell or tissue culture). 

iii. Subcellular components (e.g. mitochondria or ribosomes). 

iv. Cellular or subcellular extracts (e.g. wheat germ or reticulocyte extracts). 

v. Purified molecules such as proteins, DNA, or RNA). 

vi. Commercial production of antibiotics and other pharmaceutical products. 



75 

 

2.9.3.2 Types of In Vitro Testing 

In vitro testing can fall under these categories: 

i. Polymerase chain reaction is a method for selective replication of specific DNA 

and RNA sequences in the test tube. 

ii. Protein purification involves the isolation of a specific protein of interest from 

a complex mixture of proteins, often obtained from homogenized cells or 

tissues. 

iii. In vitro fertilization is used to allow spermatozoa to fertilize eggs in a culture 

dish before implanting the resulting embryo or embryos into the uterus of the 

prospective mother. 

iv. In vitro diagnostics refers to a wide range of medical and veterinary laboratory 

tests that are used to diagnose diseases and monitor the clinical status of 

patients using samples of blood, cells, or other tissues obtained from a patient 

(Artursson et al., 2012). 

2.9.3.3 Uses of In Vitro Testing 

In vitro testing has been used to characterise specific adsorption, distribution, 

metabolism, and excretion processes of drugs or general chemicals inside a living 

organism; for example, Caco-2 cell experiments can be performed to estimate the 

absorption of compounds through the lining of the gastrointestinal tract (Artursson et 

al., 2012). The partitioning of the compounds between organs can be determined to 

study distribution mechanisms (Gargas et al., 1989). Suspension or plated cultures of 

primary hepatocytes or hepatocyte-like cell lines (HepG2, HepaRG) can be used to 

study and quantify metabolism of chemicals (Pelkonen and Turpeinen, 2007). These 

ADME process parameters can then be integrated into so-called "physiologically 

based pharmacokinetic models" or PBPK. 

2.9.3.4 Advantages and Disadvantages of In Vitro Studies 

In vitro studies permit a species-specific, simpler, more convenient, and more detailed 

analysis than can be done with the whole organism. Just as studies in whole animals 
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more and more replace human trials, so are in vitro studies replacing studies in whole 

animals (Vignais and Vignais, 2010). 

The primary disadvantage of in vitro experimental studies is that it may be 

challenging to extrapolate from the results of in vitro work back to the biology of the 

intact organism. Investigators doing in vitro work must be careful to avoid over-

interpretation of their results, which can lead to erroneous conclusions about 

organismal and systems biology (Rothman, 2002). 

For example, scientists developing a new viral drug to treat an infection with a 

pathogenic virus (e.g. HIV-1) may find that a candidate drug functions to prevent viral 

replication in an in vitro setting (typically cell culture). However, before this drug is 

used in the clinic, it must progress through a series of in vivo trials to determine if it is 

safe and effective in intact organisms (typically small animals, primates, and humans 

in succession). Typically, most candidate drugs that are effective in vitro prove to be 

ineffective in vivo because of issues associated with the delivery of the drug to the 

affected tissues, toxicity towards essential parts of the organism that were not 

represented in the initial in vitro studies, or other issues (De Clercq, 2005). 

2.10 Simulation Body Fluid (SBF) 

The discovery of bone-bonding glass in the 70s by Hench et al. (1971) has opened new 

possibilities in bioactive implant materials, attracting many research activities and 

leading to the developments of various commercial products (Hench et al., 1971; 

Jones, 2015). These bioactive materials can actively form a direct bonding with the 

surrounding bone, therefore, significantly increasing the implant fixation and the long-

term stability.  

The rapid development of new potential implant materials presents both 

scientific and technical challenges for the design of a fast assessment method other 

than traditional animal experiments for implant evaluation (Zhao et al., 2017). Kokubo 

et al. (1990) proposed an in vitro method using an acellular solution with inorganic 

ion composition and pH similar to biological fluids called simulated body fluid (SBF) 

to test new implants (Kokubo and Takadama, 2006; Kokubo et al., 1990). The method 

is based on the observations that a bone-like apatite layer is often found between 

bioactive implants and the surrounding bone, acting as a key component for 
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osseointegration (Kokubo, 1990). Therefore, the question of material bioactivity 

(which hereafter refers to the bone-bonding ability), reduces to the apatite-forming 

ability of a material in vivo. It is further assumed that the apatite-forming behavior in 

vivo can be reproduced using an artificial solution supersaturated with respect to 

hydroxyapatite (HA) in vitro, meaning that a material exhibiting HA deposition in SBF 

would indicate its bone-bonding ability. 

2.10.1 Validation of SBF 

In 2007, the testing protocol of this in vitro method was standardized by the 

International Organization for Standardization (ISO 23317) and since then has been 

widely used to evaluate various implant materials (Kokubo, 2014; Kokubo and 

Yamaguchi, 2010). Despite the success, the simplifications of using a solution to 

mimic the body fluid and determining the bioactivity by the apatite-forming ability 

also have several limitations as follows: 

i. The bone bonding/formation process is essentially determined by osteoblasts, 

the activity of which is regulated by various local factors including both 

inorganic ions as well as organic growth factors. Although hydroxyapatite is 

widely used as a coating on implant surfaces to increase the osteoconductivity. 

The in vivo formation of HA would also likely result in enhanced 

osseointegration (Nishiguchi et al., 2003). It should be noted that the 

osseointegration is a complex process involving platelet activation, blood clot, 

recruitment and migration of osteogenic cells (Davies, 2003). Thus other 

possible mechanisms of bioactivity also exist, which could include bioactivity 

from specific interactions with osteoblasts/stem cells of biofunctional materials 

by either releasing certain biomolecules or possessing special surface 

topographical features (de Oliveira and Nanci, 2004; Kaito et al., 2005). The 

existence of other possible mechanisms might explain some cases of 

inconsistency between in vitro predictions and in vivo results (Zadpoor, 2014). 

ii. Assuming the bone-bonding is achieved by the formation of an apatite layer, a 

qualitative correlation between a material’s apatite-forming ability in vivo and 

its bone-bonding strength is still difficult to establish. That is, a higher apatite-

forming ability in vivo does not necessarily lead to a stronger bonding. This is 
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due to many other factors determining the final bonding strength including 

surface mechanical properties (adhesion between the surface porous layer and 

bulk implant), and surface roughness, which is typically observed to be a 

critical factor in animal experiments (Nishiguchi et al., 1999). 

iii. The major criticism of the method is the lack of organics, especially proteins, 

which are abundant in human blood plasma (roughly 70 g/L in human blood 

plasma (Sava et al., 2005) and are well-known to have specific/non-specific 

adsorption on various surfaces, which could affect the nucleation & growth of 

apatite in SBF (Bohner and Lemaitre, 2009; Vergaro et al., 2015). In fact, 

proteins, along with other organic molecules, are also active players in the 

regulation of the biomineralization processes in vivo (Mann et al., 1993). 

Despite the existence of a number of in vitro studies on the effect of proteins, 

their role as promoters or inhibitors for calcium phosphate nucleation and 

growth is still unclear.  

iv. Also, the current SBF (ISO 23317) uses tris (hydroxymethyl) aminomethane 

((CH2OH)3CNH2, Tris) to buffer the solution pH, while Tris is not a component 

of human blood plasma and might have an effect on calcium phosphate 

nucleation (Jahromi et al., 2013). The human blood is buffered by the 

equilibrium between carbonates and 5% partial pressure of CO2 in blood serum 

(Gamble, 1947). Due to the high structural variability of apatite crystals, the 

presence of carbonate species in solution will result in carbonate incorporation 

into the apatite lattice by either substituting the hydroxyl groups (type A) or 

occupying the phosphate position (type B) (He et al., 2008), as it is the case for 

apatite in natural bone (Rey et al., 1989). Furthermore, it has also been 

demonstrated that carbonate complexes could lead to an increased apparent 

solubility of HA (Pan and Darvell, 2010). Despite being proposed in a review 

by Bohner and Lemaitre (Bohner and Lemaitre, 2009), unfortunately, so far 

there have been very limited studies using carbonate-buffered SBFs for implant 

evaluation (Zhao et al., 2017). 
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2.10.2 HA Precipitation on Biomaterials  

Investigations for inorganic biomaterials have been significantly increased in the past 

years to replace and repair bone tissue lost from injury or disease (Wu and Chang, 

2013). For example, bioactive glasses and ceramics have been intensively investigated 

for bone tissue engineering because of its good bioactivity to form a chemical bond to 

natural tissues through an apatite layer (Liu et al., 2015). When a bioactive material is 

soaked in an SBF (simulated body fluid) solution or dilute phosphate solution, ion-

exchanges can take place between the ceramics and SBF solution, then HA layers can 

form on the surface of materials, which is the common characteristic of a bioactive 

material (Duta et al., 2013; Liu et al., 2015). 

HA has excellent biocompatibility, bioactivity and is similar to the chemical 

compositions of human hard tissues (50% mass, 70% volume) (Duta et al., 2013) and 

is recognized as an osteoconductive material. It has been clinically applied in the field 

of orthopedics and dentistry. HA has an ability to accelerate bone growth and 

attachment to the surface of implants to improve the fixation and lifetime of the 

implants (Brzezińska-Miecznik et al., 2015; Dash et al., 2015; Randorn et al., 2015). 

An important characteristic of a bioactive material is HA layers’ precipitation (in vitro) 

on the surface of materials through the ion-exchange between the ceramics and SBF 

when it is in contact with SBF (simulated body fluid) or dilute phosphate solution. To 

date, biomaterials modified by HA have been widely investigated to replace and repair 

bone and dental tissue, for example, titanium (Dash et al., 2015; Prodana et al., 2015), 

alloy (Bogya et al., 2015), composites (Gheisari et al., 2015), nanomaterials (Wang et 

al., 2015), glass-ceramic (Ma et al., 2015), ceramic (Dai et al., 2015). Among them, 

bioactive glasses and glass-ceramics have been intensively investigated because of 

their excellent ability to react with physiological fluids and to modify the surface, 

favoring the formation of HA layers that can strongly bond to bone (Qi et al., 2015). 

2.10.3 HA Precipitation on TiO2 

TiO2 crystalline could induce the HA in SBF in dark condition, when anodised in 

acidic electrolytes (Cui et al., 2009; Oh et al., 2008; Yang et al., 2004a). However, 

amorphous TiO2 could not under silimar conditions (Cui et al., 2009). This is due to 
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the photocatalytic activity of TiO2 crystalline (Wang et al., 2007) that forms Ti-OH 

radicals on its surface, which is believed to be responsible for apatite precipitation 

(Ueda et al., 2010; Uetsuki et al., 2010). TiO2 crystalline, which is anatase and rutile 

with bandgap value of 3.20 eV and 3.02 eV can obtain photocatalytic performance 

(Carp et al., 2004; Diamanti et al., 2011; Mills and Le Hunte, 1997). However, it was 

reported that higher amount of anatase would enhance the photocatalytic activity 

(Wang et al., 2007). Moreover, the photocatalytic activity of TiO2 anatase crystalline 

could be enhanced by UV irradiation (Masahashi et al., 2008). The mechanism of HA 

precipitation on TiO2 in SBF can be illustrated in Figure 2.24 (a,b,c and d). UV was 

reported to increase the generation of Ti-OH groups on the TiO2 surface as seen in 

Figure 2.24 (e,f,g and h) and resulting in superhydrophilic anodised coatings (Han et 

al., 2008; Masahashi et al., 2008). The UV irradiation results in the generation 

electron-hole pair on TiO2 surface as seen in Figure 2.25 (this has also been illustrated 

in Figure 2.10) and that has resulted in oxygen vacancies and hydroxyl (OH) groups 

and that is believed to be responsible for the initiate apatite nucleation (Fujishima and 

Honda, 1972; Fujishima et al., 2008; Kasuga et al., 2002). The chemical reactions of 

the behaviour of TiO2 during immersion in SBF are as follows: 
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The following steps illustrate the difference between the apatite precipitation 

on TiO2 when immersed in SBF in dark and under UV irradiation conditions: 

i. Oxygen vacancies are most likely created at the two-coordinated bridging sites, 

resulting in the conversion of the corresponding Ti4+ to Ti3+ sites as seen in 

Equation 2.12. Ti3+ sites are favourable for dissociating water which is 

absorbed in the atmosphere (Liu et al., 2006) (Equation 2.13). The resulted in 

Ti-OH groups on TiO2 surface react with hydroxyl ions in SBF, which has a 
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pH of 7.4, and this gives rise to a negatively charged surface with functional 

Ti-O- as seen in Equation 2.14 and Figure 2.24 (a) (Liu et al., 2008; Ueda et 

al., 2009). 

 

 

Figure 2.24: The mechanism of HA precipitation on TiO2 in SBF immersion at dark 

(a-d) and under UV irradiation (e-h) conditions (Ueda et al., 2009). 

 

 

Figure 2.25: Schematic illustration of diffusion potential in an n-type semiconductor 

immersed in an aqueous solution. The valence and conduction bands are abbreviated 

as VB and CB, respectively (Ueda et al., 2009) 
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ii. Oxygen vacancies are most likely created at the two-coordinated bridging sites, 

resulting in the conversion of the corresponding Ti4+ to Ti3+ sites as seen in 

Equation 2.12. Ti3+ sites are favourable for dissociating water which is 

absorbed in the atmosphere (Liu et al., 2006) (Equation 2.13). The resulted in 

Ti-OH groups on TiO2 surface react with hydroxyl ions in SBF, which has a 

pH of 7.4, and this gives rise to a negatively charged surface with functional 

Ti-O- as seen in Equation 2.14 and Figure 2.24 (a) (Liu et al., 2008; Ueda et 

al., 2009).  

iii. The negatively charged surface then attracts calcium (Ca2+) ions in SBF as seen 

in Figure 2.24 (b) (Fujishima and Honda, 1972; Ueda et al., 2009), forming 

amorphous calcium titanate (Equation 2.15) (Fujishima and Honda, 1972). As 

Ca2+ build up, positively charge surface take a turn and combine with negative 

phosphate ions (PO3−
4 ) in SBF forming amorphous calcium phosphate (Figure 

2.24 (c)). Thus, negative and positive ions arrive alternatively at the TiO2 

surface and form an amorphous calcium phosphate layer, which then 

crystallizes to HA as seen in Figure 2.24 (d) on the surface (Liu et al., 2008; 

Ueda et al., 2009). 

iv. During SBF immersion, Ti-OH and Ti-O- formation on TiO2 surface were 

speed up by the UV illumination (Han et al., 2008; Liu et al., 2008).  

v. The difference between SBF immersion under UV light and the dark condition 

is the distribution of ions under UV illumination has made TiO2 surface 

become more positive as seen in Figure 2.24 (e) due to the up-hill potential 

gradient, where electron-hole pair that was generated by UV irradiation move 

to TiO2 surface. Ca2+ ions become less on the surface as seen in Figure 2.24 (f) 

and only rare Ca2+ ions adhered to HA nuclei and resulted in HA cluster 

coarsen since the precipitation continues at same site Figure 2.24 (g) and (h). 

HA cluster was obtained when exposing UV light in the SBF immersion 

because the photogenerated electron pair holes inhibit near to TiO2 surface 

prevents Ca2+ ions initiating homogeneous HA coating instead of promoting 

HA cluster (Ueda et al., 2009). 

Ti has been wieldy used as a biomaterial for implants due to its 

biocompatibility properties that is lying on the TiO2 passive layer. On this study an 

attempt to investigate on the biocompatibility of TiO2 by applying anodic oxidation on 

the Ti, which leads to the growth of TiO2. TiO2 crystalline i.e. anatase and rutile were 
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reported to have good apatite induction, thus good biocompatibility. However, it was 

also reported that anatase has advantageous photocatalytic properties over rutile. TiO2 

anatase will be investigated due to their advantageous photocatalytic and 

biocompatibility properties. Anodic oxidation is an effective and simple technique to 

grow the TiO2 layer with a controlled thickness. H2SO4 and H3PO4 electrolytes are the 

most used electrolytes for anodization of Ti. However, it was reported that H2SO4 

electrolyte can give higher metal dissolution and higher crystallization than the H3PO4 

electrolyte. Each electrolyte can give the different TiO2 appearance, microstructural, 

elementary, mineralogical, optical and absorption and hydrophilicity properties. Also, 

a mixture electrolyte of these acids will be used to investigate its effect on TiO2 

properties. An in vitro test under the UV is to be conducted to investigate on the TiO2 

biocompatibility using SBF to investigate the effect of the photocatalytic properties of 

TiO2 anatase on the apatite formation. 



 

   

 

3 CHAPTER 3 

METHODOLOGY 

3.1 Introduction 

The anodic oxidation of commercially pure titanium (Cp-Ti), the testings on TiO2, the 

in vitro testing in the dark and under UV has been discussed. Anodization was used to 

produce titanium oxide (TiO2) coatings using three medium electrolytes; H2SO4 

electrolyte (sulfuric acid (H2SO4)); H3PO4 electrolyte (phosphuric acid (H3PO4)) and 

mixed electrolyte (H2SO4 + H3PO4). The resulting TiO2 was tested using X-ray 

diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive x-ray 

spectroscopy (EDX), fourier transform infrared spectroscopy (FT-IR) and water 

contact angle (WCA). In vitro test was carried out using simulation body fluid (SBF) 

medium with and without Ultra-violet irradiation (UV). 

3.2 Methodology Flowchart  

A flowchart diagram of the work breakdown including experimentation and 

characterisation is illustrated in Figure 3.1. 

3.3 Sample Preparation and Processing 

Cp-Ti (grade 2) foils of dimensions 25 mm x 10 mm x 0.05 mm (Figure 3.2 (a)) were 

wet hand-polished using 1200 grit (~1 μm) abrasive paper (Figure 3.2 (b)), followed 

by immersion in an ultrasonic bath with ethanol (~6 min), rinsing by dipping in 

distilled water, and kept drying in air. 
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  Titanium foil 

25x10x0.5 mm3 

Polished, washed and dried 

Electrolytes 

H2SO4 electrolyte: 0.1, 0.3 and 2 M 

H3PO4 electrolyte: 0.1, 0.3 and 2 M 

H2SO4 (S) + H3PO4 (P) electrolyte: 

0.1S + 0.1P, 0.1P + 0.3S, 0.3S + 0.1P, 

0.1S + 2.0P and 2.0P + 0.1S 

 

Anodic oxidation 

Voltage: 100 V, 150 V and 180 V 

Time: 10 min 

Current density: 60, 100 mA.cm-2 

Temperature: 25 - 30 °C 

 

Clean in autoclave 120 °C for 20 min 

Characterisation 

Microstructural analysis 

 Scanning Electron Microscopy 

(SEM) 

 

Mineralogical analysis 

 X-ray diffraction (XRD) 

Electrochemical analysis  

 Fourier transform infrared 

spectroscopy (FT-IR) 

 Ultraviolet-visible spectroscopy 

(UV-vis) 

 

Surface energy analysis 

 Water contact angle 

(WCA) 

 

Elemental analysis 

 Energy-dispersive X-ray 

spectroscopy (EDS) 

In vitro testing in simulation body fluid 

(SBF) following Kokubo method 

 

 
Immersion in SBF in 

the Dark 

 

 

Immersion in SBF under UV 

irradiation (wavelength 254 nm) 

 

Characterisation 

Microstructural analysis 

  SEM 

 

Mineralogical analysis 

  XRD 

Electrochemical analysis  

  FT-IR 

 UV-vis 

 

Elemental analysis 

 EDS 

Figure 3.1: Flowchart of the sample preparation, characterisation and testing for this study 
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Figure 3.2: (a) Cp-Ti (grade 2) foil of (25 x 10 x 0.05) in mm, (b) Polishing 

performed using 1200 grit abrasive paper (~1 μm) 

 

 

Figure 3.3: Electrochemical process is made using programmable power supply 

adjustable current density and voltage with Cp-Ti of both cathode and anode ends 

under medium of electrolyte with specific molarity 

 

Anodic oxidation was done in an electrolyte contained ~0.4 L solutions 

between 25 °C and 30 °C (Oh et al., 2005). The anode and the cathode were both Cp-

Ti (grade 2) foils as illustrated in Figure 3.3. The anodization was done using a 

programmable power supply (GenesysTM GEN600-1.3 750W) as illustrated in Figure 

3.3. The anodised foils were cleaned by distilled water followed by drying in air. After 
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that, the samples were cleaned in an autoclaving unit at 120 °C for 20 min (Figure 3.4). 

Investigations with respect to the influence of electrolytes on the oxide formation were 

made using different solutions. 

 

 

Figure 3.4: Autoclave unit (Nklive Nve-50®) 

 

Electrolyte concentration range, i.e., 0.1 M, 0.3 M and 2.0 M, have been 

applied in this study for diluted H2SO4 and H3PO4 electrolytes. This is due to the nature 

of the acids used. Since H2SO4 and H3PO4 have contrast in metal dissolution and oxide 

growth rate (Yerokhin et al., 1999; Jaeggi et al., 2006; Capek et al., 2008). This can 

result in variation in the TiO2 properties such as different thickness, porosity and 

crystalline. This range, i.e., 0.1 M to 2.0 M can give enough evidence of the behavior 

of each acid on the resulted TiO2 coatings.  

The applied voltage, i.e., 100 V, 150 V and 180 V, and the current density 60 

and 100 mA.cm-2 were optimized according to the electrolyte concentrations used. It 

has been reported that the breakdown voltage can reach up to 150 V at 1.5 M H2SO4 

electrolyte at 60 mA.cm-2 (Abdullah, 2010), and up to 200 V at 1.5 M H3PO4 
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electrolyte (Song et al., 2009). It was also reported that the TiO2 anatase crystalline 

threshold starts from 100 V for 0.5 M H2SO4 electrolyte at 60 mA.cm-2 and 100 

mA.cm-2 (Diamanti and Pedefferi, 2007; Saleh and Abdullah, 2015), while it starts 

from 200 V for 0.1 M H3PO4 electrolyte at 60 mA.cm-2 (Saleh and Abdullah, 2016). 

The anodization time for 10 minutes was enough to allow the maximum voltage to 

reach (stage 1) when applied for high voltages as described in Section 2.8.1. The 

parameters used from previous studies for the H2SO4 electrolyte, H3PO4 electrolyte 

mixture electrolyte (H2SO4 + H3PO4) were obtained in Table 2.38, Table 2.39 and 

Table 2.40. While the contrasts between the H2SO4 electrolyte and H3PO4 electrolyte 

in term of the parameters used and the resulted TiO2 were reported in Table 2.41.  

UV with a wavelength lower than 400 nm can activate the photoactivity of 

TiO2 (Brunella et al., 2007). This has been described in detail in Section 2.7.4.6. 

Several studies as reported the hydrophilic activity of TiO2 under UV wavelengths 365 

nm and 254 nm as obtained in Table 2.33, also successful apatite formation under these 

wavelengths as obtained in Table 2.34. In this study, a UV of 254 nm wavelength was 

used; due to it has a shorter wavelength than UV with 365 nm which therefore can 

penetrate and get absorbed by the TiO2 surface and activate the photocatalytic 

properties. Also according to the UV absorption test, the TiO2 coatings have obtained 

a bandgap range between 344 nm and 385 nm. This is has been described in Section 

4.2.5; Section 4.3.5; and Section 4.4.5, for The TiO2 anodised in H2SO4, H3PO4, and 

mixed solutions respectively. This can guarantee higher absorption of UV irradiation 

on all the TiO2 coatings anodised in the different electrolyte. Therefore, evaluate the 

photoactivity of TiO2 in in vitro testing. 

3.3.1 Sulphuric Acid (H2SO4) Electrolyte 

The H2SO4 electrolyte was prepared by diluting H2SO4 (Q-rec, 98 Wt %) in distilled 

water. To prepare 1000 ml of electrolyte, first add 500 ml of distilled water, then the 

acid, then add distilled water again to reach 1000 ml. Figure 3.5 obtain a schematic 

diagram of the dilution preparation method and the amount of acid required for certain 

molarity targeted. The anodization parameters vary on concentration, current density 

and applied d.c. voltages as shown in Table 3.1. The parameters values were optimized 
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according to the discussed in Section 3.3. The used test conditions were between 25 

°C and 30 °C.  

 

 

Figure 3.5: Schematic diagram show H2SO4 electrolyte preparation 

 

Table 3.1: Parameters used for anodic oxidation in H2SO4 

Parameter Value(s) 

H2SO4 Electrolyte (M) 0.1, 0.3 and 2.0 

Temperature (°C) 25-30 

d.c. Voltage (V) 100, 150 and 180 

Current density (mA.cm-2) 60 and 100 

3.3.2 Phosphoric Acid (H3PO4) Electrolyte 

The H2SO4 electrolyte was prepared by diluting H3PO4 (Bendosen, 85 wt %) in 

distilled water. To prepare 1000 ml of electrolyte, first add 500 ml of distilled water, 

then the acid, then add distilled water again to reach 1000 ml. Figure 3.6 obtain a 

schematic diagram of the dilution preparation method and the amount of acid required 

for certain molarity targeted. Anodization was carried out under different d.c. voltages 

and current density between 25 °C and 30 °C. The parameters values were optimized 

according to the discussed in Section 3.3. The parameters are shown in table 3.2.
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Table 3.2: Parameters used for anodic oxidation in H3PO4 

Parameter Value(s) 

Electrolyte (Molar) 0.1, 0.3 and 2.0 

Temperature (°C) 25 - 30 

d.c. Voltage (V) 100, 150 and 180 

Current density (mA.cm-2) 60 and 100 

 

 

Figure 3.6: Schematic diagram show H3PO4 electrolyte preparation  

3.3.3 Mixed Electrolyte (H2SO4 + H3PO4) 

The mixed electrolyte is a mixture of H2SO4 electrolyte and H3PO4 electrolyte. The 

parameters values were a combination of the values of both acids. The description of 

the solutions and the associated experimental parameters are shown in Table 3.3. 

Figure 3.7 obtain a schematic diagram of the dilution preparation method and the 

amount of acid required for certain molarity targeted. 

 

Table 3.3: Parameters used for anodic oxidation in mixed solution 

Electrolyte Composition Parameter Value 

0.1 M H3PO4 + 0.3 M H2SO4 

0.3 M H3PO4 + 0.1 M H2SO4 

0.1 M H3PO4 + 0.1 M H2SO4 

2.0 M H3PO4 + 0.1 M H2SO4 

0.1 M H3PO4 + 2.0 M H2SO4 

Temperature (°C) 25 - 30 

d.c. Voltage (V) 100, 150 and 180 

Current Density (mA.cm-2) 60 and 100 
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Figure 3.7: Schematic diagram show mixed electrolyte preparation 

3.4 In Vitro Testing 

In vitro test comprised the evaluation of apatite precipitation on TiO2 coatings by 

immersion in SBF solution. The bone-bonding ability of a material is often evaluated 

by examining the ability of apatite to form on its surface in an SBF with ion 

concentrations nearly equal to those of human blood plasma. The validation of SBF as 

an in vitro is discussed in Section 2.10.1. 

3.4.1 Sample Preparation and Characterisation of Apatite Formed on TiO2 

Formed in H2SO4, H3PO4 and Mixed Acids 

TiO2 coatings were cleaned using the autoclave and stored in distilled water. The 

parameters used in in vitro testing were listed in Table 3.4. The coatings were then 

subjected to in vitro testing. They were immersed in SBF (1.5 M) at 36.5 ºC in; the 

dark using incubator under irradiation of UV mercury lamb (Cole-Parmer®, 

wavelength 365 nm, 9 W/cm2) for 6 and 12 days. SBF was prepared according to 

Kokubo method (Kokubo and Takadama, 2006). The apatite formation 

characterisation of the coatings was carried out using: 
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i. Microstructure analysis using scanning electron microscopy (SEM) and 

elemental analysis using energy dispersive spectrometry (EDS) (Section 

3.5.2). 

ii. Phase mineralogical analysis using x-ray diffraction (XRD) (Section 3.5.3). 

iii. Absorption analysis using Fourier transform infrared spectroscopy (FT-IR) 

(Section 3.5.4). 

 

Table 3.4: Parameters used for in vitro testing in SBF immersion in coatings 

anodised in H2SO4 and H3PO4 and mixed electrolytes 

Parameters Value 

TiO2 coatings H2SO4 electrolyte: 0.1 and 2 M 

H3PO4 electrolyte: 0.1 and 2 M 

H2SO4 (S) + H3PO4 (P) electrolyte: 

0.1 S + 0.1 P, 0.1 S + 2.0 P and 2.0 P + 0.1 S 

DC Voltage (V) 150 

Current Density (mA.cm-2) 100 

3.4.2 Simulated Body Fluid (SBF) Preparation 

Conventional SBF was prepared for biological tests (in vitro) in this study. The amount 

and procedure used were the same as the recipe of Kokubo and Takadama (2006) as 

shown in Table 3.5 (Kokubo and Takadama, 2006). The chemical reagents are shown 

in Figure 3.8 compares conventional SBF having equal concentrations of ions other 

than C- and HCO3
− to blood plasma (Ravaglioli et al., 1992; Xiao et al., 2003). 

SBF has prepared step by step according to Kokubo and Takadama (2006) 

method as follows: 

i. ~700 ml of ultra-pure water (distilled water) was poured into a 1000 ml 

polypropylene beaker and stirred using a magnetic bar at 36.5 ± 0.2 °C.  

ii. The reagents were dissolved in water in the order 1-8 as in Table 3.5. Each 

reagent was completely dissolved before the new reagent added.  

iii. The temperature of the solution was set at 36.5 (±1.5 °C). Pure water was added 

up to 900 ml.  

iv. The electrode of the pH meter was inserted before dissolving Tris (9th in the 

order), and the pH of the solution was 2.0 (±1.0).  
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v. A small amount of Tris was added until the reagent completely dissolved and 

pH became constant. After the pH became 7.30 (±0.05), the temperature was 

maintained at 36.5 (±0.5 °C). Tris was added to raise the pH to 7.45. 

vi. 1 M HCl was dropped through a pipette to lower the pH to 7.42 (±0.01).  

vii. The remaining Tris and 1 M HCl were poured alternately into the solution to 

keep the pH within 7.42 - 7.45.  

viii. The pH of the solution was adjusted to 7.40 by dropping 1 M HCl dropwise at 

36.5 °C.  

ix. The solution was transferred to 1000 ml volumetric flask and pure water was 

added to the marked line after the temperature had cooled down to 20 °C Figure 

3.9. 

 

Table 3.5: The order, amounts, weighing containers, purities and formula weights of 

reagents used for preparing 1000 mL of SBF by (Kokubo and Takadama, 2006) 

Order Reagent Amount (g) Container Purity (%) Formula weight (g/mol) 

1 NaCl2
 8.035 Weighing paper 99.5 58.4430 

2 NaHCO3
 

0.355 Weighing paper 99.5 84.0068 

3 KCl 0.225 Weighing bottle 99.5 74.5515 

4 K2HPO4.3H2O
 

0.231 Weighing bottle 99.0 228.2220 

5 MgCl2.6H2O
 

0.311 Weighing bottle 98.0 203.3034 

6 1.0 M HCl
 

39 mL Graduated cylinder - - 

7 CaCl2
 0.292 Weighing bottle 95.0 110.9848 

8 Na2SO4
 

0.072 Weighing bottle 99.0 142.0428 

9 Tris  6.118 Weighing paper 99.0 121.1356 

10 1.0 M HCl
 

0-5 mL Syringe - - 

Tris = Tris-hydroxymethyl aminomethane: (HOCH2)3.CNH2 

 

 

Figure 3.8: Chemical reagents for SBF preparation (Q-rec®): (1) Sodium chloride 

(NaCl2), (2) Sodium hydrogen carbonate (NaHCO3), (3) Potassium chloride (KCl), 

(4) di-Potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), (5) Magnesium 

chloride hexahydrate (MgCl2.6H2O), (6) Hydrochloric acid (1 M), (7) calcium 

chloride (CaCl2), (8) Sodium sulfate anhydrous (Na2SO4), (9) Tris (C4H11NO3) 

1 2 3 4 5 6 7

2 

8 9 
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3.4.3 Soaking in Simulation Body Fluid (SBF) 

Specimen dimensions were measured and the surface area was calculated (with an 

accuracy of 2 mm2) for the thin plate. The volume of SBF was calculated for testing 

using the following Equation 3.1 (Kokubo and Takadama, 2006). According to 

Kokubo the ratio of sample’s surface area to the SBF liquid used is 1:10 as obtained 

by the following equation. 

 

10

a
s

S
V      (3.1) 

 

Where,  

Vs = volume of SBF (ml). 

Sa = the apparent surface area of the specimen (mm2).  

 

Table 3.6: Comparison of nominal ion concentration of SBF to human blood plasma 

(Kokubo and Takadama, 2006) 

Ion Ion concentration (mM) 

Blood plasma SBF 

Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg2+ 
1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 103.0 147.8 


3HCO  27.0 4.2 

2

4

HPO  1.0 1.0 

2

4

SO  0.5 0.5 

PH 7.2-7.4 7.40 

 

Specimens with dimensions 10 mm × 10 mm × 0.09 mm (Figure 3.10) were 

used and 22 ml SBF solution is required (as shown in the calculation). For in vitro 

testing, the specimen was soaked in SBF at ~36.5 °C by, covered with expandable 

polyethylene film (Parafilm®) (Figure 3.11) and placed in an incubator (Incucell 

MMM Group®) (Figure 3.12). 

Calculation of surface area and volume for SBF solution:  

Sa = (10 mm × 10 mm × 2) + (10 mm × 0.09 mm × 4) = 103.6 mm2. 

Vs = 102 mm2/10 = 10.36 ml. 
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Figure 3.9: SBF in 1000 ml volumetric flask 

 

 

Figure 3.10: Specimen surface area 

 

 

Figure 3.11: Sample immersed in SBF and 

ready for incubation

 

Figure 3.12: Incubator for sample 

preservation at 36.5 °C 



96 

 

 

3.4.4 Soaking in Simulation Body Fluid (SBF) under Ultraviolet (UV) Light 

Multiple studies have reported the irradiation of UV with different wavelengths on 

TiO2 coatings formed using dip coating (Guo et al., 2010), chemical treatment 

(Uetsuki et al., 2010; Iwasa et al., 2010; Ueda et al., 2010), sputtering (Miyauchi et 

al., 2010), plasma spraying (Liu et al., 2008), gel oxidation (Abdullah and Sorrell, 

2012) and Micro-arc oxidation (MAO) (Han et al., 2008). The irradiation was made in 

air and water prior to immersion in SBF, and it was reported that TiO2 irradiated in 

UV in the water has more numbered active sites for apatite nucleation (Uetsuki et al., 

2010). Others have reported UV irradiation during the immersion in SBF. These 

studies have been reported in detail in Table 2.34. They have concluded that UV 

promoted higher apatite formation ability with increased irradiation time prior to in 

vitro test in SBF. However, irradiation of UV during the immersion in SBF has 

promoted an accelerated apatite formation (Ueda et al., 2010). However, no study has 

reported the UV irradiation in SBF on TiO2 formed by anodization in diluted H2SO4 

and H3PO4 electrolyte. Therefore, the apatite-forming ability of the TiO2 coatings that 

was formed by anodization in diluted H2SO4 and H3PO4 was tested under UV in SBF. 

The results were compared with the TiO2 coatings immersed in SBF in the dark 

condition to obtain the apatite formation performance under each condition. The 

specimens were tested by soaking in 22 ml SBF and maintain a temperature of 36.5 ± 

0.5 °C and put in the incubator (Figure 3.12) in the dark condition. While the samples 

were but in a water bath during the continuous exposure of ultraviolet light (Cole-

Parmer® UV lamp 230 V / 50-60 Hz, 0.16 Amps) with wavelength 254 nm and 

intensity 4 W/cm2. In order to maintain a constant SBF temperature, the lamp was set 

at a distance of 10 cm from the specimen. Studies have reported the distance is between 

3.5 cm (Uetsuki et al., 2010) and 15 cm (Kasuga et al., 2002). The temperature of the 

water in the water bath was checked frequently to assure the UV temperature hasn’t 

heat it up. The experimental set-up is shown in Figure 3.13. 

3.5 Characterisation and Testing of Sample 

Multiple characterisations to be used to investigate the properties of the anodised 

TiO2 coatings will be discussed as follows. 
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Figure 3.13: Schematic of setup for UV irradiation of specimen during soaking in 

SBF 

3.5.1 Appearance Reflectance (Colour Measurements) 

The colours of the titanium oxide films were measured using a Colorimeter (i-Wave 

WR-10®) as obtained in Figure 3.14 with parameters as follows:  

i. Measurement mode: Reflection.  

ii. Colour system: L*a*b* system.  

iii. Measurement Geometry: Diffuse illumination and 8° viewing. 

iv. Illumination Source: Pulsed xenon filtered to approximate D 65. 

v. Measurement observer: 10°. 

The appearance of titanium oxide coatings was also recorded using digital 

camera Sony Cypershot® (20.1 Mega Pixels). To compare images’ colour was 

captured using a digital camera, Colour coordinate L*a*b* from colorimeter (Colour 

Metric Converter online software designed by easyrgb.com, http://www.easyrgb.com 

/index. php? X=CALC) was used to convert L*a*b* coordinate to digital colour (Table 

3.7) (Kim et al., 1996). 

3.5.2 Microstructure and Elemental Analysis 

The microstructures and the thickness were examined using a Scanning electron 

microscope (SEM, Hitachi SUI510®) as obtained in Figure 3.15 to characterise surface 
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morphology and microstructure of the TiO2 surface. Also SEM was used to detect the 

TiO2 coating cross section thickness. Elemental analyses were done using an attached 

Energy dispersive x-ray spectrometer (EDX) (Horiba Emax X-act®) to identify the 

ions incorporated into the TiO2 coating. The operating parameters were as follows: 

i. Sample coating: Gold sputtering.  

ii. Accelerating voltage: 20 kV.  

iii. Imaging: Secondary electron.  

iv. Detector: Upper detector. 

 

 

Figure 3.14: Colourmeter (i-Wave WR-10®) 

 

Table 3.7: The value of the coordinate CIELAB (OIV, 2006) 

Colour  Value  Colour  Value  

Red  +a*  Green  -a*  

Yellow  +b*  Blue  -b*  

White  L = 100  Black  L = 0  
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Figure 3.15: SEM (Hitach SUI510®) 

3.5.3 Mineralogical Analysis 

X-ray diffraction (XRD, Bruker D8 advance®) as obtained in Figure 3.16 was 

employed to assess film crystallinity and phase formation. The parameters for x-ray 

diffraction analyses were as follows:  

i. Voltage : 45 kV  

ii. Current : 40 mA  

iii. Incidence angle : 0.8°  

iv. Scanning speed : 0.01° 2θ S-1 

v. Step size : 0.02° 2θ  

vi. Range: 20° – 75° 2θ  
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Figure 3.16: XRD Bruker D8 Advance® 

3.5.3.1 Phase Crystal Size 

The crystal size for a specific crystalline phase of a material can be calculated using 

the information from the XRD spectrum. The crystal size was calculated for the main 

orientation peak of the TiO2 crystalline phases, i.e., anatase and rutile by applying to 

the following equations: 

i. Grain size (D) of the TiO2 using Debye-Scherrer formula as follows (Weller, 

1994): 

 





cos

9.0
D  (4.1) 

 

Where; 
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D is the grain size, (λ = 0.15406 nm) is the x-ray wavelength, θ is the Bragg 

diffraction angle and β is the full width half maximum (FWHM) of the 

diffraction peak.  

ii. The micro-strain ε is the deformation of an object divided by its ideal length. 

It is estimated using the equation: 

 

4

cos
   (4.3) 

 

By fitting the phase mineralogical results, the strain ε and crystal size of the 

films have been calculated from the (101) for anatase and (110) for rutile diffraction 

peaks. 

3.5.3.2 Crystallisation Percentage 

EVA software from BRUKER© has been used to calculate the percent crystallinity of 

the TiO2 coating. The crystalline TiO2, i.e., anatase and rutile percentage can be 

detected using software analysis by distinguishing the amorphous and crystalline areas 

within the mineralogical spectrum. 

3.5.4 Absorption Analysis 

Fourier Transform Infrared Spectroscopy (FT-IR, Perkin-Elmer Spectrum 100®) as 

shown in Figure 3.17 using Attenuated Total Reflectance (ATR) method was applied 

to identify the chemical compounds and bonds of the TiO2 coating. The parameters for 

x-ray diffraction analyses were as follows: 

i. Range: 500-400 cm-1.  

ii. No of scans: 32 scans. 

iii. Resolution: 4 cm-1. 

iv. Fingerprinting Method: ATR. 
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3.5.5 Bandgap Calculation 

The optical bandgap (Eg) of the TiO2 coating, the acquired diffuse reflectance spectrum 

from UV-vis has converted to Kubelka-Munk function the following formula (Davis 

and Mott, 2006): 

 

)()( 2 hvfhvk 
 (4.4) 

R

R
k

2

)1( 2


 
(4.5) 

 

Where; 

h is the Planck's constant, v is the frequency of vibration, k is the reflectance 

transformed, Eg is the bandgap, k is the reflectancy (%). 

The optical bandgap Eg of the TiO2 thin films was determined by extrapolation 

of the linear portion of (khv)2 versus hv plots, Here, the unit for hv is eV (electron 

volts), and its relationship to the wavelength λ (nm) become 


7.1239
hv . 

3.5.6 Hydrophilicity Analysis 

The hydrophilicity testing was performed using (Ramé-hart Instruments Co.) as 

obtained in Figure 3.17, by measuring the water contact angle (WCA) of the water 

drop equal to 4 µL as illustrated in Figure 3.18. 

 

 

Figure 3.17: WCA tester (Ramé-hart Instruments Co.) 
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Figure 3.18: Surface energy during water drop contact angle measurments, γ is 

surface tension, S is soild, V is vapour, L is liquid 



 

 

 

4 CHAPTER 4 

ANODISATION OF TITANIUM 

4.1 Introduction 

Titanium dioxide (TiO2) produced by anodic oxidation of Titanium (Ti) in different 

electrolytes to evaluate the microstructural, elementary, mineralogical, optical and 

absorption and hydrophilicity properties. Three electrolytes were used, sulphuric acid 

(H2SO4) electrolyte, phosphoric acid (H3PO4) electrolyte and mixed electrolyte 

(H2SO4 + H3PO4) is a mixture of H2SO4 and H3PO4 acids. Parameters such applied 

voltage, current density, electrolyte composition and breakdown voltage on the 

anodised TiO2 coating was discussed. 

4.2 Anodic Oxidation of Ti in Sulphuric Acid (H2SO4) Electrolyte 

The TiO2 coatings anodised in a diluted sulphuric acid (H2SO4) with different 

concentration (0.1 M, 0.3 M and 2.0 M) was characterised, i.e., colour, microstructure, 

morphology, mineralogy and surface energy. The bioactivity of these coatings 

conducted by in vitro test was characterised in Chapter 5. 

4.2.1 Colour of Anodised TiO2 in H2SO4 Electrolyte 

The visual appearance taken by camera of the TiO2 coatings anodised in H2SO4 

electrolyte as a function of applied voltage (V), current density (mA.cm-2) and molarity 

(M) at 10 minutes is shown in Table 4.1. While Table 4.2 has obtained digital colouring 

for the coatings correspond to Table 4.1 obtain colours using a Colorimeter with 
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CIELAB coordinates (L*a*b*) and converted to computer colour interface using 

computer software. The subdivision of these figures is based on visual and 

mineralogical examination during processing. 

 

Table 4.1: Visual appearance taken by camera of TiO2 surface colour at a function of 

applied voltage, current density at 0.1 M, 0.3 M and 2.0 M at 10 min for coatings 

anodised in H2SO4 electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arcing; grey interference colour due to breakdown 

 

The present data conclude the following: 

i. There is a gradual colour variation as a function of applied voltage and molar 

concentration. The colours change from bright colours to grey colour with 

increased molarity and voltage.  

ii. The current density has a slight change on the colour interface where the 

colours become brighter with the increased current density.  

iii. The grey colour surface is associated with the oxide film breakdown, where 

Voltage (V) Molarity (M) 
Current Density (mA.cm-2) 

60 100 

100 

0.1 

  

0.3 

  

2.0 

  

150 

0.1 

  

0.3 

  

2.0 

  

180 

0.1 

  

0.3 

  

2.0 

  

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing 

Arcing Arcing 

Arcing 
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arcing (spark and discharge), gas bubble and localized melting take place and 

result in structural change of the oxide surface (Wang et al., 2015). 

Anodization mechanism has been described in Section 2.8. 

iv. The Breakdown threshold (arcing) can be obtained starting at 100 V and 2 M.  

 

Table 4.2: CIELAB digital colour generated with colourmeter of TiO2 surface colour 

at a function of applied voltage, current density at 0.1 M, 0.3 M and 2.0 M at 10 min 

for coatings anodised in H2SO4 electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Arcing; grey colour due to breakdown 

 

The interference that occur between oxide, metal and light which colours the 

TiO2 (Gaul, 1993) can be affected by the anodization parameters conditions where the 

colour varies by changing the current density and the electrolyte concentration (Sul et 

al., 2001), while the colour changes during anodization are dependent only on anodic 

film thickness (Yang et al., 2006) which is proportional to the applied voltage 

(Karambakhsh et al., 2012). 

Voltage (V) Molarity (M) 
Current density (mA.cm-2) 

60 100 

100 

0.1 

  

0.3 

  

2.0 

  

150 

0.1 

  

0.3 

  

2.0 

  

180 

0.1 

  

0.3 

  

2.0 

  

Arcing Arcing 

Arcing 

Arcing Arcing 

Arcing 

Arcing 

Arcing Arcing 

Arcing 
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The colour changing due to interference effect is preferred at low anodization 

voltage where a low thickness of 10 to few hundreds nm thick with amorphous 

structure of TiO2 (Gaul, 1993). At higher oxide thickness, the interference effect is lost, 

alongside the surface colour. Grey colour surface is associated with localized 

breakdown, where high voltage favoured crystallisation forms, which impede 

interference effect. Breaking down at different voltage depends on the type and 

concentration of electrolyte and the current density (Ashraf and Vaezi, 2004; Diamanti 

et al., 2013). 

Previous studies indicated that breakdown occurred at 100 V according to 

Marchenoir et al. (1980) and at 110 V at 20 mA.cm-2 according to Song et al. (2009), 

when anodizing in 1.0 M (Marchenoir et al., 1980; Song et al., 2009). Arcing is 

believed to be due to the porous formation on a micron scale as it was discussed in 

Section 4.2.2. The pores may cause the TiO2 surface to lose appearance, and results in 

a gray color surface. This is can be noticed with the increased voltage and molarity as 

obtained in Table 4.2 and Table 4.3. The light grey that was obtained on the TiO2 

interference that was anodised in 180 V and 2.0 M at 60 and 100 mA.cm-2 can be 

related to the rutile crystalline (more clear at Table 4.3) according to the mineralogical 

results obtained in Section 4.2.4. Rutile threshold was at 100 V and 2.0 M; It has been 

reported that anatase to rutile transformation takes place in the range between 400 ºC 

- 1200 ºC, however, bulk anatase is suggested widely to start transforming to rutile in 

air at 600 ºC (Li et al., 2005; Hanaor and Sorrell, 2011) and its time-dependent because 

it is reconstructive (Jamieson and Olinger, 1969). 

Previously, Delplancke et al. (1982) have described that colour creation is due 

to the stoichiometric defects in the oxide film composition and/or due to the 

interference of waves in crystalline layers (Delplancke et al., 1982). However, Van 

Gils et al., (2004) and Pérez del Pino et al., (2004) specified the main cause of the 

creation of colour is due to the interference of waves in transition oxide layer of Ti.  

Table 4.1 and Table 4.2 obtain a brightness of coatings surfaces at current 

densities 60 and 100 mA.cm-2 respectively. The brightness (L* value) obtained is 

according to CIELAB coordinates, which is related to colour in Table 4.4. From Table 

4.1 and Table 4.2, the brightness at 0.1 M is higher than 0.3 M and 2.0 M when 

compared at a single voltage. However, 2.0 M is higher than 0.3 M except at 100 V. 

It is apparent that molarity has a higher effect than the current density and the 

voltage with respect to brightness. The high brightness of 0.1 M coatings is due to 
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Figure 4.1: TiO2 surface colour brightness (L*) as a function of applied voltage, at 

and molar concentration at 60 mA.cm-2 in H2SO4 electrolyte 

 

 

Figure 4.2: TiO2 surface colour brightness (L*) as a function of applied voltage, at 

and molar concentration at 100 mA.cm-2 in H2SO4 electrolyte 
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the colourful appearance of the TiO2 coatings that is resulted from the less porous 

surface. While the low brightness of the coatings at 0.3 M and 2.0 M is due to the grey 

colour reflectance of their surface that is resulted from the increased porosity due to 

the breakdown phenomena as described later. At 100 V 0.3 M has brighter interference 

also due to the less porous surface. The brightness at 2.0 M has increased with the 

increased voltage due to light grey that has appeared on the TiO2 surface due to the 

heavy breakdown which has resulted in a porous surface with rutile formation which 

will be discussed later. 

The colour of the film surfaces in Table 4.2 can be related to the brightness of 

surfaces (L* value) according to CIELAB coordinates. Harold (2001) defined as 

brightness as the object’s luminous intensity (usually light reflecting or transmitting 

capability). Where the brightness value is somewhere between 0 (black appearance) 

and 100 (white appearance) (Harold, 2001). 

The anodization parameters i.e., voltage, current density, and molarity have an 

influence on the TiO2 coating appearance. The appearance obtained colorful at the 

lower voltage, current density, and molarity, while the appearance was lost with the 

increased voltage. 

4.2.2 Microstructure of Anodised TiO2 in H2SO4 Electrolyte 

Figure 4.3 and Figure 4.4 observe the surface image microstructure of the TiO2 

coatings anodised in H2SO4 electrolyte captured using the scanning electron 

microscope (SEM) at 60 mA.cm-2 and 100 mA.cm-2 respectively. 

It is apparent from both figures that the porosity has increased with the 

increased molarity and voltage. However, lower current density resulted in a higher 

porous intensity with smaller pores; this is clear with the increased molar concentration 

and voltage. For example, the average pore size diameter was 296 nm for the TiO2 

coating anodised at 150 V, 2.0 M and 60 mA.cm-2 (Figure 4.3 (i)), while the average 

pore was 348 nm for the TiO2 coating anodised at 150 V, 2.0 M and 100 mA.cm-2 

(Figure 4.4 (i)). However, the average pore size was 727 nm at 150 V, 2.0 M and 60 

mA.cm-2 (Figure 4.3 (i)), and 484 nm at 100 mA.cm-2 (Figure 4.4 (i)). The pore size 

average was taken for a sample area of 20 µm2 using Image J software. The highest 

porous surface among these results was obtained at 180 V and 2.0 M at 60 mA.cm-2  
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Figure 4.3: Surface microstructure images of TiO2 coatings anodised in H2SO4 

electrolyte as a function of applied voltage and molarity at current density of 60 

mA.cm-2 (Arcing; uniform porosity due to breakdown) 

 

Figure 4.4: Surface microstructure images of TiO2 coatings anodised in H2SO4 

electrolyte as a function of applied voltage and molarity at current density of 100 

mA.cm-2 (Arcing; uniform porosity due to breakdown) 
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(Figure 4.3 (i)) and 100 mA.cm-2 (Figure 4.4 (i)). 

Both molar concentration and voltage have a major effect on the surface 

morphology. The coatings at lower molarity are not uniform, comprising some areas 

with pores and others without them due to the partial breakdown (Kuromoto et al., 

2007). The increased of voltage and molarity results in the higher porous surface due 

to the local breakdown. This is accompanied by losing appearance and results in a grey 

color reflectance as discussed in Section 4.2.1. 

Pore formation is related to the anodization parameters, where the growth 

behavior of the TiO2 coating (thickness and topography) depends on the voltage, 

current density and molar concentration of the electrolyte. Pores are formed due to the 

dielectric breakdown phenomena at high voltage (Teh et al., 2003), where the oxide 

reduction, gas evolution (O2 and H2) and spark discharge occurs (Narayanan et al., 

2014; Wang et al., 2015). It can also be referred to arcing where the uniform porous 

due to the heavy breakdown of the coating as obtained in Figure 4.3 and Figure 4.4. 

These results are similar to the results published by Cui et al. (2009) and Yang et al. 

(2004a). 

Lower current density resulted in an increased breakdown time, which resulted 

in an increased pores intensity as seen in (c,e,f,h and i) in Figure 4.3 and Figure 4.4. 

The intense pores rate and heavy breakdown is an indication that the breakdown is 

higher than the TiO2 growth rate (Kuromoto et al., 2007). This was caused by two 

parameters, relatively low current density compared to the voltage applied and 

increased molarity. The relatively low current density has prolonged the time of the 

voltage to reach the maximum voltage applied as can be illustrated in Figure 4.5. 

Where the constant current took 12.5 minutes at 60 mA.cm-2 until the voltage has 

reached the maximum level at 180 V. While it only took 4 min at 100 mA.cm-2. The 

prolonged maximum current flow at 60 mA.cm-2 has increased the local breakdown 

time. This has allowed the maximum allowed current flow to transfer ions to build-up 

TiO2 coating and break it down. Also, lower current density means lower ion transition 

ability to build on an oxide around the breakdown areas. The increased molar 

concentration resulted in increased coating thickness due to the richer ionic solution 

that works as good ionic and energy conductor medium. Therefore, an intensive 

breakdown occurred with the increased voltage. Also, the ability of fast oxide build-

up due to the rich ionic solution has caused multiple local breakdowns. This has 

increased the pores intensity with small pores (compared to coatings at higher current 
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density) to a level that caused pores overlapped and resulted in sponge-like pores with 

a larger pore size in Figure 4.3 (f,h and i) and Figure 4.4 (f,h and i). 

 

 

Figure 4.5: Anodization process observes the mechanism of flowed applied voltage 

(V) and current density (mA.cm-2) through time 

 

The coatings’ thicknesses were detected by scanning its cross section. The 

thicknesses for coatings anodised in 0.1 M and 2.0 M at 100 V and 180 V as a function 

of current density can be obtained in Figure 4.6. From the figure, it can be noticed that 

the thickness has increased with the increased voltage, current density, and molarity. 

However, the thickness at 0.1 M and 180V have decreased. This is can indicate of 

experimental error and also the lower effect of current density on the thickness 

formation. The voltage had the highest influence on the coatings with the highest 

thickness has reached a maximum of 14.5 µm on the coating anodised in 0.1 M at 180 

V. While the current density has the lowest effect on the thickness growth, where it 

has only increased slightly from 60 to 100 mA.cm-2 compared to the effect of voltage 

and molarity. When comparing the thickness growth at the same voltage it can be 

noticed that thickness of the coatings anodised at 100 V has increased by 19 % with 

the increased molarity, while it has only increased by 54 % for the coating anodised at 

180 V. However, when comparing at the same molarity, the thickness has grown by 

42 % for the coatings anodised in 0.1 M wih the incrased voltage, while it has increased 
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by 67% in 2.0 M. This is can indicate higher influence of the voltage over the molarity 

on the thickness growth. 

 

 

Figure 4.6: Thickness for TiO2 coatings anodised in H2SO4 electrolyte as a function 

of current density and voltage 

 

The thickness of the TiO2 coating increased due to the build-up of the TiO2 

with the feed of current density and voltage in the medium of an electrolyte. The 

anodization process has been explained in Section 2.8. Different coating thickness 

resulted in changed coating surface colour interference (Sul et al., 2001; Diamanti, Del 

Curto and Pedeferri, 2008). This is can be obtained when relating the colour 

interference of the TiO2 coatings as shown in Table 4.1 with the coatings thicknesses 

as obtained in Figure 4.6. The colour at lower voltage and molarity has obtained 

colorful interference with higher brightness as obtained for 0.1 M at all voltages and 

for 0.3 M at 100 V as obtained in Table 4.1 and Table 4.2. It has obtained lower 

porosity surface as obtained in Figur 4.3 and Figure 4.4 and also lower thickness as 

obtained in Figure 4.6. While at higher voltage and molarity the coatings obtained lost 

in appearance colour (grey colour) and lower brightness as obtained in Table 4.1 and 

Table 4.2 respectively. This is can be due to the increased surface porosity due to the 

breakdown of the coating with the increased thickness (The relation between porosity 
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and breakdown phenomena has been explained earlier). This is can be explained where 

at the beginning of the anodization process, the TiO2 started build-up which results in 

increased thickness with a smooth surface and this is can explain the colourful 

interference. TiO2 with colourful interference can be obtained at lower anodization 

parameters, i.e., voltage and molarity, due to the coatings anodised under these 

parameters have obtained smaller thicknesses that wasn’t thick enough to reach the 

breakdown stage. Where the coating after certain thickness start to breakdown and 

resulted in a porous structure. This is can be obtained at coatings anodised at higher 

voltage and molarity. The breakdown phenomena have been explained in Section 

2.8.1 and an illustration of pores formation due to coating breakdown was obtained in 

Figure 2.23. 

The effect of variation of the anodization parameters, i.e., voltage, current 

density, and molarity, on the TiO2 coating microstructure and thickness was discussed. 

The TiO2 microstructure and thickness was discussed with respect to the results of the 

TiO2 appearance. 

4.2.3 Elementary of Anodised TiO2 in H2SO4 Electrolyte 

Figure 4.7 (a and c) obtain the elements incorporated in the TiO2 coating anodised in 

the H2SO4 electrolyte for 0.1 M, while Figure 4.7 (b and d) obtain for 2.0 M at 150 V 

and 100 mA.cm-2. From the results, it can be noticed that the sulfur (S) atomic weight 

in percentage (%) has slightly decreased with the increased electrolyte molarity as 

obtained in Figure 4.7. This can indicate poor S ions that were incorporated into the 

coating during the coating build-up. This is somehow got with the nature of the H2SO4 

which it was reported to obtain a high dissociation constant rate of H2SO4 in water 

(Murmson, 2017). This means that the H2SO4 tend to lose concentration all over in 

water when diluted. This is considering the H2SO4 is one of the strongest known acids. 

4.2.4 Mineralogy of Anodised TiO2 in H2SO4 Electrolyte 

The phase mineralogical patterns of the TiO2 coatings anodised in the H2SO4 

electrolyte are illustrated as a function of applied voltage, molarity, and current 

density. The crystallisation of the TiO2 coating can be obtained in the phase 
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Figure 4.7: Elemental analysis of the coatings anodised in H2SO4 electrolyte at 150 V and 100 mA.cm-2 for 0.1 M (a and c) and 2.0 M (b and d) 
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mineralogical patterns in a form of intense peaks (Hanaor, 2007). The TiO2 coatings 

anodised at 0.1 M has obtained amorphous and crystalline with low-intensity anatase 

peaks as seen in Figure 4.8 for the spectrum of the coating that was anodised at 100 V, 

Figure 4.10 for 150 V and Figure 4.12 for 180 V. It can be noticed that the coatings 

anodised at 2.0 M has obtained an increased crystallinity, i.e., increased anatase and 

rutile crystal phases as seen in Figure 4.9 for 100 V, Figure 4.11 150 V and Figure 

4.13 for 180 V. 

4.2.5 Mineralogy of Anodised TiO2 in H2SO4 Electrolyte 

The phase mineralogical patterns of the TiO2 coatings anodised in the H2SO4 

electrolyte are illustrated as a function of applied voltage, molarity, and current 

density. The crystallisation of the TiO2 coating can be obtained in the phase 

mineralogical patterns in a form of intense peaks (Hanaor, 2007). The TiO2 coatings 

anodised at 0.1 M has obtained amorphous and crystalline with low-intensity anatase 

peaks as seen in Figure 4.8 for the spectrum of the coating that was anodised at 100 V, 

Figure 4.10 for 150 V and Figure 4.12 for 180 V. It can be noticed that the coatings 

anodised at 2.0 M has obtained an increased crystallinity, i.e., increased anatase and 

rutile crystal phases as seen in Figure 4.9 for 100 V, Figure 4.11 150 V and Figure 

4.13 for 180 V. 

It is clear from the patterns that the increased molarity, the applied voltage, and 

the current density have promoted higher crystallisation. This can be obtained where 

the anatase peak has increased in intensity with the increased voltage at the patterns of 

the TiO2 coating that was anodised in 0.1 M. As seen in Figure 4.8 for 100 V, Figure 

4.9 for 150 V and Figure 4.12 for 180 V. With the increased molarity to 2.0 M, the 

crystalline has also increased with the increased voltage, and a phase transformation 

has appeared; rutile crystalline was obtained starting from 100 V (Figure 4.9) until 

anatase totally transformed to rutile at 180 V (Figure 4.13). 

The crystallinity as obtained in Figure 4.14 has slightly increased with the 

increased current density from 60 to 100 when compared to the effect of voltage and 

molarity. This is can be obtained at 100 V and 150 V. However, at 180 V the 

crystallinity was higher (79 %) for the spectrum that was anodised at 60 mA.cm-2, 

while it obtained a grand descending to (64 %) when elevated to 100 mA.cm-2. It was  
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Figure 4.8: Phase mineralogical patterns for 100 V, 60 and 100 mA.cm-2 at 0.1 M for 

coatings anodised in H2SO4 electrolyte 

 

 

Figure 4.9: Phase mineralogical patterns for 100 V, 60 and 100 mA.cm-2 at 2.0 M for 

coatings anodised in H2SO4 electrolyte 
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Figure 4.10: Phase mineralogical patterns for 150 V, 60 and 100 mA.cm-2 at 0.1 M for 

coatings anodised in H2SO4 electrolyte 

 

 

Figure 4.11: Phase mineralogical patterns for for 150 V, 60 and 100 mA.cm-2 at 2.0 

M coatings anodised in H2SO4 electrolyte 
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Figure 4.12: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 0.1 M 

for coatings anodised in H2SO4 electrolyte 

 

 

Figure 4.13: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 2.0 M for 

coatings anodised in H2SO4 electrolyte 
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Figure 4.14: Phase mineralogical Patterns crystallinity percent for TiO2 anodised in 

2.0 M H2SO4 electrolyte as a function of current density and voltage 

 

interesting to notice that the pattern at 60 mA.cm-2 and 180 V as seen in Figure 4.13 

(b) did obtain stronger rutile peaks than the pattern at 100 mA.cm-2 as seen in Figure 

4.13 (a). This can be related to the longer time of local breakdown. This has promoted 

the coating to reform and produce new layers on the defected areas. Therefore, allow 

the re-crystallisation of the coating. These results match with the surface 

microstructure images result from Figure 4.3 and Figure 4.4, where the larger 

increased porosity caused by the breakdown has promoted higher crystallisation of the 

coating. 

It has been reported that the structure of TiO2 coating is changed from 

amorphous to crystalline phase, e.g. anatase, brookite, and rutile, which occurs above 

critical oxide thickness (Sato, 1971). This crystallographic transformation is closely 

related to the breakdown, which is dependent on the electrochemical parameters such 

as the electrolyte concentration (or activity) (El Kader et al., 1981; Yahalom, 1972) 

and the current density (Leach and Pearson, 1988; Mikula, 1992). The crystallisation 

has developed after the breakdown. However, there exists some discrepancy about the 

values of the voltage at which the beginning of the breakdown process and the 

evolution of the crystallisation begins (Sul et al., 2001; Zhao et al., 2005). 
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When linking the mineralogical results with the interference colour, it can be 

noticed that the higher crystallinity that was obtained on the coating anodised at higher 

molarity has obtained grey colour interference. It was reported that the localized 

breakdown, where high voltage favoured crystallisation forms, which impede 

interference effect (Ashraf and Vaezi, 2004; Diamanti et al., 2013). It can also be 

noticed that the rutile formed at 2.0 M and 180 V as obtained in Figure 4.13 has 

obtained light grey colour as obtained in Figure 4.3 and Figure 4.4. 

 

Table 4.3: Grain size along (101) direction of TiO2 anatase crystalline of coatings 

anodised in H2SO4 electrolyte as a function of voltage and current density at 2.0 M. 

2.0 M 2 Theta(θ) Strain (ε) FWHM Crystal 

size (nm) 

Current density (mA.cm-2) 60 100 60 100 60 100 60 100 

100 V 25.391 25.331 0.041 0.043 0.182 0.192 0.843 0.798 

150 V 25.342 25.265 0.016 0.021 0.075 0.095 2.045 1.613 

180 V - - - - - - - - 

 

Table 4.4: Grain size along (110) direction of TiO2 rutile crystalline of coatings 

anodised in H2SO4 electrolyte as a function of voltage and current density at 2.0 M. 

2.0 M 2 Theta(θ) Strain (ε) FWHM 
Crystal 

size (nm) 

Current density (mA.cm-2) 60 100 60 100 60 100 60 100 

100 V 27.508 27.594 0.031 0.015 0.144 0.069 1.085 2.267 

150 V 27.487 27.458 0.036 0.025 0.166 0.116 0.941 1.347 

180 V 27.540 27.523 0.042 0.027 0.192 0.126 0.814 1.240 

 

The diffraction peaks from the XRD spectra with scan rate of (1.375 
min

2
) 

has obtained a good agreement with those taken from the Joint Committee of Powder 

Diffraction Standards (JCPDS) card file No. 21-1272 for TiO2 (anatase) and No. 21-

1276 for TiO2 (rutile) respectively (Li and Zeng, 2011; Pookmanee and Phanichphant, 

2009). The crystallinity percentage of the TiO2 coating has been obtained in Figure 

4.14 for the coatings that have been anodised in 2.0 M. The main crystal planes for 

anatase and rutile crystalline peaks are (101) and (110) respectively. Table 4.3 and 

Table 4.4 shows the values of crystal size and strain with respect to applied voltage, 

molarity and current density for anatase (101) and rutile (110) respectively. 

By fitting the phase mineralogical results, the strain ε and crystal size of the 

films have been calculated from the (101) for anatase and (110) for rutile diffraction 

peaks. The calculated gain size as a function of the applied voltage and the current 
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density at 2.0 M. FWHM measured broadening of the diffraction line peak at an angle 

of 2θ and the grain size represents the longitudinal coherence length in the direction 

perpendicular to the substrate.  

It can be noticed from the coatings anodised in Figure 4.9 for 100 V, Figure 

4.11 for 150 V and Figure 4.13 for 180 V that the anatase crystalline intensity has 

decreased and the rutile crystalline intensity has increased with increased voltage. 

While the current density has increased the intensity of the crystalline peaks. However, 

at 180 V the rutile crystalline was increased at a lower current density as seen in Figure 

4.13. The anatase decreased intensity is associated with increased crystal size with 

increased voltage. While the rutile increased intensity is associated with decreased 

crystal size with increased voltage. 

The increased anatase crystal size with the increased voltage is associated with 

the grain growth which indicates the rearranging of the atomic structure (Iida and 

Ozaki, 1961; Zhang and Reller, 2002). While the crystal size shrinkage of rutile was 

associated with the crystalline growth, which can indicate decreased grain growth and 

stabilizing of rutile crystalline. The anatase to rutile transformation is reconstructive, 

which means that the transformation involves the breaking and reforming of bonds 

(Batzill, Morales and Diebold, 2006). This is in contrast to a displacive transformation, 

in which the original bonds are distorted but retained. The reconstructive anatase to 

rutile transformation involves a contraction of the c-axis and an overall volume 

contraction of 8% (Shannon and Pask, 1965; Criado and Real, 1983; Rao, Turner and 

Hoing, 1959). This volume contraction explains the higher density of rutile relative to 

anatase. The c-axis of anatase appears to be significantly longer than that of rutile only 

because anatase has more atoms per unit cell than rutile (Hanaor and Sorrell, 2011). 

The reduced crystal size with the increased current density for anatase (Table 

4.3) at 100 V (Figure 4.9) and at 150 V (Figure 4.11) can be due to the increased peak 

intensity and narrowing. It has been discussed earlier that the increased peak intensity 

do agree with the increased crystallinity. However, the increased crystal size with the 

increased current density for rutile (Table 4.4) indicates that the peaks have lower 

intensity, thus, lower crystallinity. This is can be seen clearly at 180 V (Figure 4.13), 

where higher intensity has been obtained at lower current density. The can be related 

to the breakdown effect as discussed in Section 4.2.3. In that case, the oxide was 

exposed to longer breakdown time as seen in (Figure 4.3 (i)). That has led to oxide 



123 

 

 

atomic structure to rearrange and promote higher crystalline with the increased 

breakdown intensity due to the increased breakdown time. 

It has been reported that rutile transforms to anatase at a temperature higher 

than 600 ºC (Li et al., 2005). Therefore, the decreased anatase and increased rutile 

intensity. Also, is associated with rearranging of atomic structure (Batzill, Morales and 

Diebold, 2006). When the anatase transforms to rutile, the atomic organisation of the 

crystal structure of anatase unpacks and rearranging to the crystal structure of rutile. 

This is associated with crystals expanding (the atoms of crystals expand in distance); 

grain size increased, with increased anodization temperature. Which leads to the 

increased crystal size of anatase. At that moment the rutile crystals increased and get 

packed. This has led to reducing the crystal size with increased intensity. This can 

explain the decrease of rutile and increase of anatase crystal size with an increased 

breakdown at lower current density.  

The increased voltage has caused to increase in crystalline TiO2 due to the 

increased breakdown intensity; the re-build and re-shape of the coating layer have 

caused an increase in crystalline TiO2 as it has been explained in Section 4.2.1 and 

Section 4.2.2. The increased current density has also caused an increase in the 

crystallinity, however, with lower influence that the voltage. Where the increased flow 

of build-up rate that caused the increased electron flow at a certain voltage, has cause 

to increase the amount of crystalline TiO2. However. It can be noticed that the 

decreased crystallinity with the increased current density at 180 V has related to the 

prolonged breakdown time which has caused to increase the crystalline TiO2 at a lower 

current of 60 mA.cm-2 as has been explained above. This is related to the increased 

porosity according to the microstructure of the coating as obtained in Figure 4.3 (i) 

when compared with the coating anodised at 100 mA.cm-2 as obtained in Figure 4.4 

(i). This has been explained above and in Section 4.2.2. This is can also explain the 

decreased crystal size of rutile with; the crystalline percent can be assigned to rutile 

crystalline since anatase has totally transformed to rutile at 180 V as seen in Figure 

4.13. The decreased crystal size to 65 % (Table 4.4) with decreased current density 

can indicate that the rutile has become more stable due to increased breakdown time 

which has caused an increased in the rearrange time of atoms at 60 mA.cm-2. This has 

caused to increase the anodization temperature and therefore reduce the crystal size. It 

was reported that the rutile is more stable at an elevated temperature higher than 600 
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°C (Hanaor and Sorrell, 2011). It has been also concluded from the above discussion 

that the stability of the crystalline phase is associated with reduced crystal size. 

These results confirm that the voltage, current density, and molarity has an 

influence on the crystallinity of the TiO2 coatings produced in the H2SO4 electrolyte. 

The crystallinity was highly influenced by the elevated voltage and molarity, where 

rutile appeared alongside anatase. While the current density had lower influence. 

4.2.6 Optics Properties of Anodised TiO2 in H2SO4 Electrolyte 

Figure 4.15 and Figure 4.16 observe the bandgap (Eg) of the TiO2 coatings anodised 

in the H2SO4 electrolyte at 0.1 M and 2.0 M respectively. The parameters were taken 

at 150 V and 100 mA.cm-2. The measured bandgap values were 3.45 eV at 0.1 M and 

3.22 eV at 2.0 M.  

According to these results, it can be noticed that the bandgap decreased with 

the increased crystallinity. Generally, the exaction absorption of both coatings is 359.3 

nm for 0.1 M and 385 nm for 2.0 M, which is a good condition to conduct the in vitro 

test with the UV irradiation of 254 nm (UVC). 

According to phase mineralogical results, the coating produced at 0.1 M have 

obtained anatase crystalline. However, the bandgap value of intrinsic anatase TiO2 

powder has a bandgap of 3.2 eV. According to the mineralogical analysis, the coatings 

have obtained low-intensity anatase peak as seen in Figure 4.10. However, the bandgap 

value of 3.45 eV indicates higher bandgap than the bandgap of anatase. While the 

coating produced at 2.0 M have obtained a mixture of crystalline; anatase and rutile. It 

has obtained a bandgap of 3.22 eV. This is also considered higher than the bandgap of 

intrinsic rutile TiO2 powder and slightly higher than the bandgap of intrinsic anatase. 

TiO2 is considered a semiconductor material that has photocatalytic properties. The 

bandgap of 3.2 eV for anatase and 3.0 eV for rutile (Carp, Huisman and Reller, 2004). 

The bandgap is related to the electric conductivity of the materials. The determination 

of bandgap in materials is important to obtain the basic solid state physics. Bandgap 

indicates the difference in energy between the top of the valence band filled with 

electrons and the bottom of the conduction band devoid of electrons (Davis and Mott, 

2006). When TiO2 is exposed to radiation exceeding its bandgap; this radiation 

normally is in the UV wavelength region (290-380) nm (Hanaor and Sorrell, 2011). A 
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good linearity was observed at a value equal to 2.0 for the indirect allowed transition. 

This value was found to give the best fit for these TiO2 coatings. 

 

 

Figure 4.15: Bandgap (Eg) of coatings anodised at 150 V and 100 mA.cm-2 at 0.1 M 

in H2SO4 electrolyte 

 

 

Figure 4.16: Bandgap (Eg) of coatings anodised at 150 V and 100 mA.cm-2 at 2.0 M 

in H2SO4 electrolyte 
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4.2.7 Absorption of Anodised TiO2 in H2SO4 Electrolyte 

Absorption analysis was taken for TiO2 coatings anodised in the H2SO4 electrolyte at 

0.1 M and 2.0 M at the voltage of 150 V and 100 mA.cm-2. The coatings have been 

irradiated under the UV of 254 nm for 12 hr of in water. It was also reported that the 

UV can generate the electron pair hole in the TiO2 due to its photocatalytic ability and 

results in the formation of oxygen vacancy and hydroxyl (OH) group which is 

responsible for the initiation of the apatite nucleation (Fujishima and Honda, 1972; 

Fujishima et al., 2008; Kasuga et al., 2002). The absorption analysis patterns of the 

coatings anodised in 0.1 M is illustrated in Figure 4.17. While the Figure 4.18 

illustrates the absorption analysis of the coatings anodised in 2.0 M. 

The absorption patterns for the TiO2 coatings as shown Figure 4.17 and Figure 

4.18 have a presence of Ti-O groups at band 680-800 cm-1 (Liu et al., 2008). Sulfone 

(S=O) that was obtained at the band of 1300-1350 cm-1, carbon dioxide (CO2) at bands 

2440 and 1550 cm-1 (Segneanu et al., 2012), water (H2O) at band 1860 cm-1 hydroxyl 

groups (OH) stretching region 3100-3400 cm-1 and Ti-OH groups at band 3635, 3645, 

3680, 3750 and 3840 cm-1 (Liu et al., 2008). 

The Ti-O- group at 0.1 M has obtained a strong and a wide stretch and it was 

maintained the same after UV irradiation as seen in Figure 4.17. The strong Ti-O- 

stretching can indicate that there is an increased formation of distinct atomic defects 

like Ti3+ or Ti4+ interstitials, or O2- vacancies (Grujić-Brojčin et al., 2006), While the 

stretching after the UV irradiation has not significantly increased. This is can be due 

to an increasing nonstoichiometry of the sample, due to oxygen out-diffusion in a 

vacuum (Grujić-Brojčin et al., 2006; Šćepanović et al., 2005). Although the apatite 

was formed higher as was discussed in Section 5.2.2. Han et al. 2008 and Liu et al. 

2008 have reported that the Ti-O- functional groups on TiO2 (crystalline) can increase 

upon UV irradiation due to its photocatalysis properties as it was explained in Section 

2.10.3. The coating anodised in 0.1 M did obtain weak anatase structure according to 

mineralogical analysis (Figure 4.10). The increased stretching of Ti-O- at 2.0 M after 

UV irradiation as seen in Figure 4.18 can be explained using the same mechanism (The 

irradiation time for 12 hours was therefore enough to provoke the photocatalytic 

activity of the coating surface). However, it was not as strong and wide as the 

stretching at 0.1 M. This is can be related to rutile crystalline along the weak anatase 

crystalline according to mineralogical analysis as obtained in Figure 4.11. As it was 
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Figure 4.17: Absorption analysis patterns of TiO2 coatings anodised in 0.1 M H2SO4 

without treatment and 0.1 M H2SO4 after 12 hr of irradiation under UV 

 

 

Figure 4.18: Absorption analysis patterns of TiO2 coatings anodised in; (a) 2.0 M 

H2SO4 without treatment, (b) 2.0 M H2SO4 after 12 hr of irradiation  under UV 
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reported that the anatase has higher photocatalytic activity than the rutile (Linsebigler 

et al., 1995; Wang et al., 2007). Also, the weaker functional groups of Ti-O- at 2.0 M 

than the one at 0.1 M can be related to the highly porous structure as obtained in Figure 

4.4 (f), while less porosity has appeared at 0.1 M (Figure 4.4 (e)). Also, the weaker 

functional groups of Ti-O- at 2.0 M can be due to the appeared sulfone functional group 

as obtained in the sulfone stretch at 2.0 M (Figure 4.17). While it did not appear at 0.1 

M (Figure 4.18). However, the S ions incorporated into the coating has obtained the 

lower value at 2.0 M that at 0.1 M as obtained in Figure 4.7. The sulfone stretching 

has become weaker after the UV irradiation. This is can be related to the increased 

formation of Ti-O- functional groups have consumed the oxygen bonding that 

combines with S ions to form sulfone (S=O). This is can also be applied to the OH 

stretching that was also decreased after UV irradiation (Figure 4.18). The presence of 

the CO2 might be resourced from the atmosphere in the form of air bubbles trapped in 

the coating grooves or from the ethanol during the pretreatment cleaning. 

It can be concluded that multiple parameters can be contributed to the strength 

of the Ti-O- group stretching at 0.1 M. The lower porosity surface microstructure, low 

S ionic incorporation, and anatase crystalline of the coating can contribute to the 

strength of the Ti-O- group stretching. The strong Ti-O- stretching on the 0.1 M coating 

can obtain higher chance to induce apatite in in vitro testing (therefore higher 

bioactivity) in SBF with and without UV. This is due to UV has not increased the Ti-

O- stretching as obtained in Figure 4.17. While for the apatite formation could be 

increased under the UV at 2.0 M coating. 

4.3 Anodic Oxidation of Ti in Phosphuric Acid (H3PO4) Electrolyte 

The TiO2 coatings anodised in a diluted sulphuric acid (H3PO4) with different 

concentration (0.1 M, 0.3 M and 2.0 M) was characterised, i.e., colour, microstructure, 

morphology, mineralogy and surface energy. The bioactivity of these coatings 

conducted by in vitro test was characterised in Chapter 5. 
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4.3.1 Colour of Anodised TiO2 in H3PO4 Electrolyte 

The visual appearance of the TiO2 coatings anodised in the H3PO4 electrolyte as a 

function of applied voltage (V), current density (mA.cm-2) and molarity (M) at 10 

minutes is shown in Table 4.5. While Table 4.6 obtain digital colouring for the coatings 

correspond to Table 4.5 obtained colours using a Colorimeter with CIELAB 

coordinates (L*a*b*) and converted to computer colour interface using computer 

software. The subdivision of these figures is based on a visual and mineralogical 

examination during processing. 

The present data conclude the following: 

i. There is a gradual colour variation as a function applied voltage and molar 

concentration. The colours become dimmer with the increased molarity and 

voltage. 

ii. The colour was fluctuating with respect to current density at 2.0 M and 100 V 

and at 0.1 M and 150 V. Where the colour changed from red to brown and from 

light blue to light green. However, there was no significant effect on the colour 

of the other parameters. 

iii. The colour has changed from beige and tan at 0.1 M and 0.3 M to red and 

brown at 2.0 M and 100 V. While at 150 V it has changed from green and 

bluish green to at 0.1 M and 0.3 M to reddish brown at 2.0 M. At 180 V the 

colour has changed from light violet at 0.1 M and heavy violet at 0.3 M to grey 

at 180 V. 

iv. The colour has changed from beige and tan at 0.1 M and 0.3 M to red and 

brown at 2.0 M and 100 V. While at 150 V it has changed from green and 

bluish green to at 0.1 M and 0.3 M to reddish brown at 2.0 M. At 180 V the 

colour has changed from light violet at 0.1 M and heavy violet at 0.3 M to grey 

at 180 V. 

v. The grey colour resulted at 180 V and 2.0 M, could be related to the breakdown 

voltage of the coatings. This is to be obtained later when surface microstructure 

and mineralogical results to be discussed. 
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Table 4.5: Visual appearance taken by camera of TiO2 surface colour at a function of 

applied voltage, current density at 0.1 M, 0.3 M and 2.0 M at 10 min for coatings 

anodised in H3PO4 electrolyte 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Arcing; grey interference colour due to breakdown. 

 

Figure 4.19 and Figure 4.20 has obtained the brightness of coatings surfaces. 

The brightness (L* value) obtained is according to CIELAB coordinates, which is 

related to colour in Table 4.6. From Figure 4.19 and Figure 4.20, the behaviour of the 

graphs can be considered irregular and can conclude the following: 

i. The brightness has decreased with the increased voltage at both current 

densities (60 and 100). 

ii. The brightness followed linear correlation with respect to molar concentration. 

iii. Where the brightness for each molarity has followed simultaneously linear 

downward flow at all the current density. 

iv. 0.1 M has a higher brightness that 0.3 M, and 0.3 M has higher brightness than 

2.0 M. 

Voltage (V) Mole (M) 
Current Density (mA.cm-2) 

60 100 

100 

0.1 

  

0.3 
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150 

0.1 

  

0.3 
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180 

0.1 

  

0.3 

  

2.0 

  

Arcing Arcing 
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v. It is apparent that molarity has a higher efficiency than the current density with 

respect to brightness. 

 

Table 4.6: CIELAB digital colour generated with colourmeter of TiO2 surface colour 

at a function of applied voltage, current density at 0.1 M, 0.3 M and 2.0 M at 10 min 

for coatings anodised in H3PO4 electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arcing; grey interference colour due to breakdown 

 

An exception from all the above are the coatings anodised at 0.1 M and 0.3 M 

at current density of 60 mA.cm-2 and 150 V as obtained in Table 4.6 and Figure 4.20; 

the colour reflectance at 0.1 M had lower brightness than the one at 0.3 M. This is can 

be due to the increased porosity at 0.1 M that at 0.3 M as was obtained in Section 4.3.2 

in Figure 4.21. The lower brightness with the increased time can be due to the 

increased breakdown as explained in Section 4.2.1, that results in increased porosity 

as was obtained in Section 4.3.2. 

Voltage (V) Mole (M) 
Current Density (mA.cm-2) 

60 100 
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Figure 4.19: TiO2 surface colour brightness (L*) at a function of applied voltage, at 

and molar concentration at 60 mA.cm-2 for coatings anodised in H3PO4 electrolyte. 

 

 

Figure 4.20: TiO2 surface colour brightness (L*) at a function of applied voltage, at 

and molar concentration at 100 mA.cm-2 for coatings anodised in H3PO4 electrolyte. 
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The brightness of H3PO4 electrolyte coatings has obtained higher brightness 

than the ones anodised in H2SO4 electrolyte as obtained in Section 4.2.1. This can be 

related to the breakdown phenomenon of the coatings anodised in H2SO4 electrolyte, 

where the increased breakdown intensity on the coatings anodised in H2SO4 electrolyte 

have cause to increase the porosity on the coatings surface and therefore losing the 

appearance colour which results in grey colur on the surface (Ashraf and Vaezi, 2004; 

Diamanti et al., 2013). This has been explained in Section 4.2.1. 

The anodization parameters i.e., voltage, current density, and molarity have 

influenced the TiO2 coating appearance. The appearance obtained colorful at the lower 

voltage, current density, and molarity. While the appearance was lost with the 

increased voltage. However, the effect of breakdown seemed to have lower effect than 

the apprearance of the coatings anodised in H2SO4 electrolyte. 

4.3.2 Microstructure of Anodised TiO2 in H3PO4 Electrolyte 

Figure 4.21 and Figure 4.22 observe the surface image microstructure captured for the 

coatings anodised in the H3PO4 electrolyte at 60 mA.cm-2 and 100 mA.cm-2 

respectively. 

It is apparent that the porosity has increased with the increased molarity, 

voltage and current density. Pores have reached their maximum size at the voltage of 

180, 2 M and 100 mA.cm-2 (Figure 4.22 (g)) with pore size of 942.4 nm and 707.8 nm 

at 180 V and 60 mA.cm-2 (Figure 4.21 (i)). The pore size takes volcano orifice like 

shape. The pore formation can be related to the localized breakdown (arcing) of the 

coating (Teh et al., 2003). The pore size average was taken for a sample area of 20 

µm2 using Image J software. 

When comparing the surface microstructure images results in their colour 

interference, it can be noticed that the higher the porosity the dimmer the colour. The 

coatings at 180 V and 2.0 M as obtained at 60 mA.cm-2 (Figure 4.21 (i)) and 100 

mA.cm-2 (Figure 4.22 (i)) has the largest pores among the other coatings and this is can 

be related to the corresponding grey interference colour as obtained in Table 4.5. 

All the coatings have obtained nonuniform porosity except the coating that was 

anodised at 180 V, 2.0 M and 100 mA.cm-2 (Figure 4.22). This can relate to the 

nonuniform color reflectance within the same coating as obtained in Table 4.5. This 
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Figure 4.21: Surface microstructure images of TiO2 anodised in H3PO4 electrolyte as 

a function of applied voltage and molarity at current density of 60 mA.cm-2 (Arcing; 

uniform porosity due to breakdown) 

 

Figure 4.22: Surface microstructure images of TiO2 anodised in H3PO4 electrolyte as 

a function of applied voltage and molarity at current density of 100 mA.cm-2 

(Arcing; uniform porosity due to breakdown) 
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can be obtained clearly at 100 V and 150 V, while the interference of the coatings at 

180 V have obtained uniform colour. This can indicate that these coatings were not 

fully breakdowned were some areas were smooth and others were heavily porous. This 

is can be related to the nature of the anodization acid. Where it was reported that H3PO4 

electrolyte contributes to larger pore sizes on the surface compared to the H2SO4 

electrolyte (Park, 2008). However. H3PO4 is categorised as an electrolyte that provides 

slow metal dissolution (Jaeggi et al., 2005) as explained in Section 2.8.5; therefore 

lesser anodic oxide can be developed on Ti surface due to the lesser electrons transfer 

from the cathode to the anode (the mechanism of anodization was explained in 

explained in Section 2.8). Thus, thinner coatings where build on H3PO4 electrolyte 

than the coatings grown in the H2SO4 electrolyte under the same conditions. The 

H3PO4 electrolyte coatings were reported to favour less crystalline compared to the 

ones anodised in the H2SO4 electrolyte at the same applied voltage (Jaeggi et al., 2006). 

That can be related to the lower breakdown intensity results in lower porosity on the 

H3PO4 electrolyte coatings when compared to the ones anodised in the H2SO4 

electrolyte under the same conditions as obtained in Section 4.2.2. Where it was 

reported that higher breakdown intensity results in a higher porosity and therefore 

crystalline TiO2 (Ashraf and Vaezi, 2004; Diamanti et al., 2013). This is has been 

explained in Section 4.2.1. It can be also seen in the crystalline TiO2 that was obtained 

in Section 4.2.4 for the H2SO4 electrolyte coatings compared to the H3PO4 electrolyte 

ones as was obtained in Section 4.3.4. 

The coatings’ thicknesses were detected by scanning its cross section. The 

thicknesses for coatings anodised in 0.1 M and 2.0 M at 100 V and 180 V as a function 

of current density can be obtained in Figure 4.23. From the figure, it can be noticed 

that the thickness has increased with the increased voltage, current density, and 

molarity. However, the thickness at 2.0 M and 100V have decreased. This is can 

indicate of experimental error and also the lower effect of current density on the 

thickness. The voltage had the highest influence on the coatings with the highest 

thickness has reached a maximum of 3.71 µm on the coating anodised in 0.1 M at 180 

V. When compared to the effect of voltage and molarity on the thickness growth. It 

can be noticed that thickness at the same voltage of the coatings anodised at 100 V has 

increased by 29 % with the increased molarity, while it has only increased by 45 % for 

the coating anodised at 180 V. However, when comparing at the same molarity, the 

thickness has grown by 58 % for the coatings anodised in 0.1 M with the increased 
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voltage, while it has increased by 67% in 2.0 M. This is can indicate higher influence 

of the voltage over the molarity on the thickness growth. 

 

 

Figure 4.23: Thickness for TiO2 coatings anodised in H3PO4 electrolyte as a function 

of current density and voltage 

 

The thicknesses of the coatings anodised in the H3PO4 electrolyte was much 

lower than the coatings anodised in the H2SO4 electrolyte. Where the coatings have 

obtained 70 % lower thicknesses. Similar results were obtained by Sul et al. (2011) 

and Abdullah (2010). Abdullah has concluded that different thicknesses of TiO2 

coatings are a function of the nature of the electrolyte (Abdullah, 2010). This is 

believed to be due to the slower dissociation rate of H3PO4 than H2SO4 (Murmson, 

2017). As a result, a lower electric field driving the ions through the oxide (Liu et al., 

2004), and therefore, lower coating formation. The surface colour interference as 

obtained in Table 4.5 were more colourful, i.e., smoother surface, and has obtained 

higher brightness as obtained in Table 4.6 than the coatings anodised in the H2SO4 

electrolyte. This is can also confirm the lower TiO2 coating formation in the H3PO4 

electrolyte. Where the smoother and brighter coating surfaces that were obtained by 

thinner coatings that obtained lower breakdown intensity as confirmed on the coatings’ 

microstructure porosity in Figure 4.21 and Figure 4.22 when compared to the porosity 
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of the coatings anodised in the H2SO4 electrolyte. The relationship between the coating 

appearance, microstructure and thickness were discussed in detail in Section 4.2.1. 

The effect of variation of the anodization parameters, i.e., voltage, current 

density, and molarity, on the TiO2 coating microstructure and thickness was discussed. 

The TiO2 microstructure and thickness were discussed with respect to the results of 

the TiO2 appearance. 

4.3.3 Elementary of Anodised TiO2 in H3PO4 Electrolyte 

Figure 4.24 (a and c) obtain the elements incorporated in the coating anodised in the 

H3PO4 electrolyte for 0.1 M and Figure 4.24 (b and d) obtain for 2.0 M at 150 V and 

100 mA.cm-2. From the results, it can be noticed that the phosphorous (P) atomic 

weight in percentage (%) has increased with the increased electrolyte molarity as 

obtained in Figure 4.24. This is due to the increased P ions that were incorporated into 

elemental analysis pattern has increased with the increased molarity. A similar results 

has been reported by Jaeggi et al. (2006). H2SO4 has a 320 million times more 

dissociation rate than the H3PO4 in water, the loss of concentration of H3PO4 in water 

is so minimal that it can be ignored altogether (Murmson, 2017). The very low 

dissociation of H3PO4 is due to the strength of the phosphate ion and the weak alkaline 

properties of water, which make the H3PO4, conserve its concentration in water. 

Therefore, consequently, the concentrated P ions can be heavily incorporated into the 

coating build-up. 

4.3.4 Mineralogy of Anodised TiO2 in H3PO4 Electrolyte 

The phase mineralogical patterns of the TiO2 coatings anodised in the H3PO4 

electrolyte are illustrated as a function of applied voltage, current density. From the 

figures, apparently, there are no crystalline peaks. On the contrary to mineralogical 

patterns of the coatings produced in the H2SO4 electrolyte, where the increased 

porosity on the later caused by breakdown promotes higher crystallisation of the 

coating. 

It has been reported that coatings produced in the H3PO4 electrolyte are less 

crystalline compared to H2SO4 electrolyte coatings under same applied voltage (Jaeggi 
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Figure 4.24: Elemental analysis of the coatings anodised in H2SO4 electrolyte at 150 V and 100 mA.cm-2 for 0.1 M (a and c) and 2.0 M (b and d) 
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Figure 4.25: Phase mineralogical Patterns for 100 V, 60 and 100 mA.cm-2 at 0.1 M 

for coatings anodised in H3PO4 electrolyte 

 

 

Figure 4.26: Phase mineralogical Patterns for 100 V, 60 and 100 mA.cm-2 at 2.0 M 

for coatings anodised in H3PO4 electrolyte 
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Figure 4.27: Phase mineralogical Patterns for 150 V, 60 and 100 mA.cm-2 at 0.1 M 

for coatings anodised in H3PO4 electrolyte 

 

 

Figure 4.28: Phase mineralogical Patterns for 150 V, 60 and 100 mA.cm-2 at 2.0 M 

for coatings anodised in H3PO4 electrolyte 
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Figure 4.29: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 0.1 M 

for coatings anodised in H3PO4 electrolyte 

 

 

Figure 4.30: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 2.0 M 

for coatings anodised in H3PO4 electrolyte   
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et al., 2005) as explained in Section 4.3.2. Song et al. (2009) have reported that the 

amorphous TiO2 produced using H3PO4 electrolyte is due to the lower pore density on 

their coating surfaces when compared to the H2SO4 electrolyte coatings. This can be 

related to the slower dissolution of H3PO4 in the electrolyte compared to the H2SO4 as 

discussed in Section 4.3.2. This can lead to the lower ability of the local breakdown 

on the coating surface. It has already been known that the crystallographic 

transformation and development is closely related to the breakdown of the coating 

surface (El Kader et al., 1981; Sul et al., 2001; Zhao et al., 2005). 

From these results, it can be concluded that the coatings anodised in the H3PO4 

electrolyte are unable to produce crystalline TiO2 under the used anodization 

parameters compared to the crystallinity that was obtained in coatings anodised in the 

H2SO4 electrolyte. 

4.3.5 Optics of Anodised TiO2 in H3PO4 Electrolyte 

Figure 4.31 and Figure 4.32 observe the exaction absorption of TiO2 coating anodised 

in the H3PO4 electrolyte for 0.1 M and 2.0 M respectively. The parameters were taken 

at 150 V and 100 mA.cm-2. The bandgap (Eg) values were 3.28 eV (378 nm) for 0.1 M 

and 3.57 eV (347.2 nm) for 2.0 M. This is a good condition to conduct the in vitro test 

with the UV irradiation of 254 nm (UVC). 

According to the phase mineralogical results, all the coating produced in H3PO4 

electrolyte have obtained amorphous results. It is known that the bandgap value of the 

intrinsic crystalline TiO2 powder is 3.2 eV for anatase and 3.02 eV for rutile. The 

values of the bandgap that has been obtained are higher than the values of the intrinsic 

TiO2 crystalline. When comparing these values with the values obtained from the 

H2SO4 electrolyte. The bandgap values have obtained dissimilarity. Where the 

bandgap values at 0.1 M from H2SO4 electrolyte (Figure 4.15) was higher than the 

bandgap value from H3PO4 electrolyte (Figure 4.31). In contrast, the bandgap from 

H2SO4 electrolyte at 2.0 M (Figure 4.16) was lower than the bandgap obtained in the 

H3PO4 electrolyte (Figure 4.32). Not to mention that the coatings from H2SO4 

electrolyte have obtained TiO2 crystallinity. 
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Figure 4.31: Bandgap (Eg) of coatings anodised at 150 V and 100 mA.cm-2 at 0.1 M 

in H3PO4 electrolyte 

 

 

Figure 4.32: Bandgap (Eg) of coatings anodised at 150 V and 100 mA.cm-2 at 2.0 M 

in H3PO4 electrolyte 
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4.3.6 Absorption of Anodised TiO2 in H3PO4 Electrolyte 

Absorption analysis was taken for TiO2 coatings anodised in the H3PO4 electrolyte for 

0.1 M and 2.0 M at 150 V and 100 mA.cm-2. The coatings have been irradiated under 

the UV of 254 nm for 12 hours of in water. The absorption analysis patterns of the 

coatings anodised in 0.1 M illustrated in Figure 4.33. While Figure 4.34 illustrates the 

absorption analysis of the coatings anodised in 2.0 M. 

The absorption pattern has shown a presence of Ti-O- groups at band 680-800 

cm-1 (Liu et al., 2008), Phosphine (P-H) was obtained at band of 950-1200 cm-1 

(Segneanu et al., 2012), water (H2O) at band 1860 cm-1, Hydroxyl groups (OH) 

stretching region 3100-3400 cm-1 and Ti-OH groups at band 3635, 3645, 3680, 3750 

and 3840 cm-1 (Liu et al., 2008). 

The Ti-O- group stretching was obtained at 0.1 M (Figure 4.33) and 2.0 M (Figure 

4.34) and it was stronger at 0.1 M. The Ti-O- stretching has increased after the UV 

irradiation. Phosphine stretching was also obtained at 0.1 M and 2.0 M and it was 

stronger at 2.0 M. The OH, H2O, and Ti-OH had a smaller stretching on 0.1 M and 2.0 

M spectra. 

The strong Ti-O- functional groups can indicate that there is an increased 

formation of distinct atomic defects like Ti3+ or Ti4+ interstitials, or O2- vacancies 

(Grujić-Brojčin et al., 2006). The strong phosphine’s functional groups obtained in 2.0 

M can be related to the intense P ions as obtained in Figure 4.24 (d). The stronger 

phosphine functional groups with increased molarity from 0.1 M as seen in Figure 4.33 

to 2.0 M as seen in Figure 4.34 do agree with the increased P intensity according to 

the coating elemental analysis as discussed in Section 4.3.3. 

The coatings that were anodised at both electrolytes; H2SO4 and H3PO4 have 

obtained a stronger Ti-O- functional groups at 0.1 M. as obtained in Figure 4.17 and 

Figure 4.33 respectively. This is can be related to the less acidic ions incorporated into 

the coatings; S and P as obtained in Figure 4.7 (d) and Figure 4.24 (d). Also, could be 

related to the lower porosity than the coatings anodised at 2.0 M as obtained in Figure 

4.4 and Figure 4.22. However, the increased Ti-O- functional groups on the H2SO4 

electrolyte coatings at 0.1 M can be related to the anatase crystalline, thus the 

photocatalytic activity of the crystalline TiO2 (Wang et al., 2007) as obtained in Figure 

4.10 compared to the amorphous structure obtained on 0.1 M in the H3PO4 electrolyte 

(Figure 4.27). While the lower Ti-O- functional groups that were obtained at 2.0 M for 
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Figure 4.33: Absorption analysis patterns of TiO2 coatings anodised in; (a) 0.1 M 

H3PO4 without treatment, (b) 0.1 M H3PO4 after 12 hr of irradiation under UV 

 

 

Figure 4.34: Absorption analysis patterns of TiO2 coatings anodised in; (a) 2.0 M 

H3PO4 without treatment, (b) 2.0 M H3PO4 after 12 hr of irradiation under UV 
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the coatings that were anodised at both electrolytes can be related to the increased 

porosity on their coating surface as obtained in Figure 4.4 (f) and Figure 4.22 (f). Also 

can be related to the increased acidic ions functional groups; S=O and P-H as obtained 

in Figure 4.18 and Figure 4.34 respectively. Where S=O can consume the oxygen 

atomic bonding as described in Section 4.2.6 and P-H can reflect on the increased P 

ions incorporation on the coating surface as obtained in Figure 4.24 (d). However, the 

effect of the P ions on the formation of Ti-O- is not clear. The crystallinity appears to 

have no effect on the formation of the Ti-O- functional groups. Where the coatings that 

were anodised at both electrolytes at 2.0 M have obtained similar Ti-O- functional 

groups strength, however, the H2SO4 coatings have obtained crystalline mainly rutile 

as obtained in Figure 4.11 and the H3PO4 coatings have obtained an amorphous 

structure as obtained in Figure 4.28.  

The stronger Ti-O- functional groups on the 0.1 M coating than at 2.0 M can 

obtain higher chance to induce apatite in SBF and increased with UV. However, the 

stronger functional groups on the 0.1 M coating that were anodised in H2SO4 were 

expected to induce much apatite formation in in vitro testing in SBF, thus higher 

bioactivity. 

4.4 Anodic Oxidation of Ti in Mixture of Sulphuric acid (H2SO4) and 

Phosphoric acid (H3PO4) Electrolyte 

The TiO2 coatings anodised in a mixture of dilute sulphuric acid (H2SO4) + phosphoric 

acid (H3PO4) electrolyte will be characterised. Colour, microstructure, morphology, 

mineralogy, and surface energy of the coatings will be discussed to later evaluate the 

in vitro bioactivity of these coatings produced under mixed electrolyte parameters. 

4.4.1 Colour of Anodised TiO2 in Mixed Electrolyte 

The visual appearance of the TiO2 coatings as a function of applied voltage (V), current 

density (mA.cm-2) and molarity (M) at 10 minutes is shown in Table 4.7. While Table 

4.8 obtain digital colouring for the coatings correspond to Table 4.7. Table 4.8 obtain 

colours using colorimeter with CIELAB coordinates (L*a*b*) and converted to 

computer colour interface using computer software. The subdivision of these figures  
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Table 4.7: Visual appearance taken by camera of TiO2 surface colour at a function of 

applied voltage, current density at molarity at 10 min for coatings anodised in mixed 

electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S; H2SO4, P; H3PO4, Arcing; grey interference colour due to breakdown 

Voltage (V) Mole (M) 
Current Density (mA.cm2) 

60 100 

100 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

150 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

180 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 
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Table 4.8: CIELAB digital colour generated with colourmeter of TiO2 surface colour 

at a function of applied voltage, current density and molarity at 10 min for coatings 

anodised in mixed electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S; H2SO4, P; H3PO4, Arcing; grey interference colour due to breakdown 

 

 

Voltage (V) Mole (M) 
Current Density (mA.cm2) 

60 100 

100 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

150 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

180 

0.1 S + 0.1 P 

  

0.1 S + 0.3 P 

  

0.3 S + 0.1 P 

  

0.1 S + 2.0 P 

  

2.0 S + 0.1 P 

  

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 
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is based on a visual and mineralogical examination during processing. 

The present data conclude the following: 

i. There is a gradual colour variation as a function applied voltage and molar 

concentration. The colours change from bright colours to grey colour with 

increased molarity and voltage. 

ii. It is apparent that colour is turning darker with increased H2SO4 molarity than 

increased H3PO4. At 180 V the colour is grey for all the interfaces with an 

increased molarity of both solutions. 

iii. The colour brightness with respect to current density is fluctuating. Alternately 

the brightness takes advantage between 60 mA.cm-2 and 100 mA.cm-2 at all 

voltages. However, the brightness at 2.0 S + 0.1 P at 180 V has taken attention 

with higher brightness (light grey) at 100 mA.cm-2 than 60 mA.cm-2. 

iv. The grey colour resulted at 180 V and 150 V, could be related to the breakdown 

voltage of the coatings (arcing). This is to be obtained later when surface 

microstructure and mineralogical results to be discussed. 

Figure 4.33 and Figure 4.34 obtain the brightness of coatings surfaces. The 

brightness (L* value) obtained is according to CIELAB coordinates, which is related 

to colour in Table 4.8. From Figure 4.35 and Figure 4.36, the behaviour of the graphs 

can be considered irregular and can conclude the following: 

i. The brightness has decreased with the increased voltage at both current 

densities (60 and 100). Only the brightness at 2.0 S + 0.1 P was out the course 

with the increased brightness that the other interfaces with increased voltage. 

ii. At 100 V the brightness has decreased with increased molarity. Especially with 

increased H2SO4 concentration. At 180 V the brightness values for all 

interfaces are close to each other with grey colour interference. Except for 2.0 

S + 0.1 P, this has high brightness with light grey interference.  

iii. The decreased brightness with increased voltage could be related to breakdown 

voltage which leads to impede interference. This phenomenon has been 

explained in Section 4.2.2. 

The anodization parameters i.e., voltage, current density, and molarity have 

influenced the TiO2 coating appearance. The appearance obtained colorful at the lower 

voltage, current density, and molarity, while the appearance was lost with the increased 

voltage. The loose of appearance was obtained to be higher at the coatings anodised in 

the mixed electrolyte with increased H2SO4 molarity with the increased voltage due 
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Figure 4.35: TiO2 surface colour brightness (L*) at a function of applied voltage, at 

and molar concentration at 60 mA.cm-2 for coatings anodised in mixed electrolyte 

 

 

Figure 4.36: TiO2 surface colour brightness (L*) at a function of applied voltage, at 

and molar concentration at 100 mA.cm-2 for coatings anodised in mixed electrolyte 
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to the increased breakdown intensity. While the coatings anodised in the mixed 

electrolyte with increased H3PO4 molarity had more colourful and brighter appearance 

due to the lower breakdown effect at the elevated voltage. This is has been caused by 

the lower metal dissolution that was caused by H3PO4. 

4.4.2 Microstructure of Anodised TiO2 in Mixed Electrolyte 

Figure 4.37 and Figure 4.38 observe the surface image microstructure captured for the 

coatings anodised in mixture electrolyte at 60 mA.cm-2 and 100 mA.cm-2 respectively. 

The coating anodised in 0.1 M H2SO4 + 0.1 M H3PO4, i.e., 0.1 S + 0.1 P; 0.1 M H2SO4 

+ 0.3 M H3PO4, i.e., 0.1 S + 0.3 P; 0.3 M H2SO4 + 0.1 M H3PO4, i.e., 0.3 S + 0.1 P; 

0.1 M H2SO4 + 2.0 M H3PO4, i.e., 0.1 S + 2.0 P; 2.0 M H2SO4 + 0.1 M H3PO4, i.e., 2.0 

S + 0.1 P. 

Generally, higher voltage resulted in bigger pores, especially with increased 

molarity. While non-porous surface coatings can be seen at low molarity and low 

voltage. The pores take volcano-like shape or donut-like shape at higher voltages (150 

V and 180 V), when H2SO4 concentration has increased to 0.3 M. And when increased 

to 2.0 M it takes grooves-like shape density is higher at coatings anodised in higher 

H2SO4 concentration than at higher H3PO4. Also higher H3PO4 concentration the pores 

take volcano-like shape. However, at 2.0 M at 180 V (Figure 4.37 (m) and Figure 4.38 

(m)) the pores take flat shape. At higher current density, the porosity and pore size has 

increased with increased H3PO4 molarity and voltage. When molarity reaches 2.0 M 

at 180 V, the pore size mean increased from 519.2 nm at 60 mA.cm-2 (Figure 4.37 (m)) 

to 627.2 nm at 100 mA.cm-2 (Figure 4.38 (m)). However, the porosity and pore size is 

higher at lower current density with increased H2SO4 concentration. This is clear at 2.0 

M at 150 V and 180 V. Where the pore mean size has decreased from 1105.4 nm at 60 

mA.cm-2 (Figure 4.37 (n)) to 979.5 nm at 100 mA.cm-2 (Figure 4.38 (n)). The pore 

formation as discussed in Section 4.2.3 and Section 4.3.3 can be related to the local 

breakdown of the coating. The coatings anodised at higher H2SO4 have obtained higher 

breakdown concentration. The breakdown at lower current density was higher. This 

can be due to the lower amount of current density (60) to push the voltage to reach its 

maximum. This has led to longer breakdown time. Therefore, overlapping pores due 

to increased porosity which led to bigger pores at lower current density. 
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Figure 4.37: Surface microstructure images of TiO2 coatings anodised in mixed 

electrolyte as a function of applied voltage and molarity at current density of 60 

mA.cm-2 (Arcing; uniform porosity due to breakdown) 

 

By comparing the pore size at 180 V between surface coatings produced at 

higher H2SO4 molarity (2.0 S + 0.1 P) and higher H3PO4 molarity (0.1 S + 2.0 P). The 

pore size average and statistics were taken for a sample area of 20 µm2 using Image J 

software. Pore size for coating produced in (2.0 S + 0.1 P) has bigger pore size by 53% 

over coating produced in (0.1 S + 2.0 P) at 60 mA.cm-2. While the size advanced by 

36% at 100 mA.cm-2. While the size advances by 36% at 100 mA.cm-2. In general, 

pore size for coatings produced in mixed electrolyte (2.0 S + 0.1 P) has 34 % at 60 

mA.cm-2 and 18.3 % at 100 mA.cm-2 higher pore size over H2SO4 electrolyte (2 M 

 100 V 150 V 180 V 

0.1 S + 0.1 P 

   

0.1 S + 0.3 P 

   

0.3 S + 0.1 P 

   

0.1 S + 2.0 P 

   

2.0 S + 0.1 P 

   

g 

 

h 

 

d 

 

e 

 

a 

 

b 

 

c 

 

f 

 

i 

 

k 

 

l 

 

m 

 

n 

 

o 

 

p 

 

Arcing 

Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing 

Arcing 



153 

 

 

H2SO4). However, pore size for coatings produced in mixed electrolyte (2.0 P + 0.1 S) 

has 26.6 % at 60 mA.cm-2 and 33.4 % at 100 mA.cm-2 lower pore size than in H3PO4 

electrolyte (2.0 M H3PO4). 

 

Figure 4.38: Surface microstructure images of TiO2 coatings anodised in mixed 

electrolyte as a function of applied voltage and molarity at current density of 100 

mA.cm-2 (Arcing; uniform porosity due to breakdown) 

 

According to these statistics, it can be concluded that H2SO4 results in lower 

pore size, unlike H3PO4. When H2SO4 is added to H3PO4 it tends to lower the pore size 

and vice versa. This was obvious when coating produced in (2.0 S + 0.1 P) was 

progressed by over 50% larger pore size than coatings produced in (0.1 S + 2.0 P) at a 

current density of 60. The larger pore size at 60 mA.cm-2 than at 100 mA.cm-2 can be 

 100 150 180 

0.1 S + 0.1 P 

   

0.1 S + 0.3 P 

   

0.3 S + 0.1 P 

   

0.1 S + 2.0 P 

   

2.0 S + 0.1 P 

   

g 

 

h 

 

d 

 

e 

 

a 

 

b 
 

c 

 

f 

 

i 

 

k 

 

l 

 

m 

 

n 

 

o 

 

p 

 

Arcing Arcing 

Arcing Arcing 

Arcing Arcing Arcing 



154 

 

 

related to breakdown phenomenon which led to bigger size pores. This phenomenon 

has been explained in Section 4.2.3. The same explanation can be applied when 

compared between mixed electrolyte (2.0 S + 0.1 P) and H2SO4 electrolyte (2.0 M 

H2SO4). Also between mixed electrolyte (0.1 S + 2.0 P) and H3PO4 electrolyte (2.0 M 

H3PO4. 

By refereeing to the colour results, it can be noticed that the larger the pores 

the dimmer the colour due to the increased of breakdown (arcing). The coatings with 

higher molar concentration at 180 V have obtained higher porosity, which corresponds 

to the grey colour interference as seen in Table 4.7 and Table 4.8. 

The coatings’ thicknesses were detected by scanning its cross section. The 

thicknesses for coatings anodised in for 0.1 S + 0.1 P, 0.1 S + 2.0 P and 2.0 S + 0.1 P 

at 100 V and 180 V as a function of current density can be obtained in Figure 4.39. 

From the figure, it can be noticed that the thickness has increased with the increased 

voltage, current density, and molarity. It can be noticed that voltage had the highest 

influence on the coatings with the thickness has reached a maximum of 17.46 µm on 

the coating anodised in 2.0 S + 0.1 P at 180 V. While the current density has the lowest 

effect on the thickness. The thicknesses of the coatings anodised in 2.0 S + 0.1 P were 

the highest. Where the average of the thicknesses anodised in 2.0 S + 0.1 P was higher 

by 59 % when compared to the thicknesses of the coatings anodised in 0.1 S + 0.1 P. 

While the thicknesses of the coatings anodised in 0.1 S + 2.0 P were higher by only 17 

%. However, when compared the coating growth anodised under same molarity with 

respect to voltage increased. The thickness has the highest coating growth on the 

coatings anodised in 0.1 S + 2.0 P, where the thickness has increased by 56 % with the 

increased voltage from 100 V to 180 V, while it was 53 % for 2.0 S + 0.1 P and only 

34 % for 0.1 S + 0.1 P. Moreover, when compared the thicknesses under the same 

voltage with respect to the changed molarity, the coatings anodised in 0.1 S + 2.0 P 

has obtained 7 % decreased thickness at 100 V when compared to the thickness of the 

coatings anodised in 0.1 S + 0.1 P, while the thickness was increased by 49 % for 2.0 

S + 0.1 P. When compared at 180 V, a 28 % thickness increased for 0.1 S + 2.0 P and 

63 % for 2.0 S + 0.1 P. This is can indicate the higher effect of voltage molarity on the 

TiO2 thickness growth. 
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Figure 4.39: Thickness for TiO2 coatings anodised in mixed electrolyte as a function 

of current density and voltage 

 

The higher thickness of the coatings anodised at higher H2SO4 molarity can be 

related to higher dissociation rate in the electrolyte medium (Murmson, 2017). 

Comparatively the lower dissociation rate of the H3PO4 has proved to result in lower 

thickness formation. Also when relating the resulted thickness with the surface 

appearance as obtained in Table 4.7 and surface brightness in Table 4.8, it was clear 

that the coatings anodised in higher H2SO4 molarity have obtained thicker coatings 

and lower brightness. The coatings thicknesses have reached the breakdown level and 

resulted in increased porosity in Figure 4.37 and 4.38. This is believed to be due to the 

increased TiO2 build-up, i.e., thickness, have caused an electric pressure due to the 

increased electric resistance and therefore the TiO2 started to breakdown. This is has 

been explained in Section 4.2.1. While the thinner coatings that were anodised at 

higher H3PO4 have obtained higher brightness coating surfaces. This is can indicate to 

the smoother coatings surfaces that weren’t thick enough to reach the breakdown level. 

This is was explained in Section 3.3.2. The thicknesses of the coatings anodised in 

mixed have obtained to be higher than the ones anodised in H2SO4 and H3PO4 

electrolytes. This is can be related to the nature of the mixed electrolytes themselves. 

Similar results were obtained by Abdullah (2010). 
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4.4.3 Elementary of Anodised TiO2 in Mixed Electrolyte 

Figure 4.40 obtain the elements incorporated in the coating anodised in mixed 

electrolyte at 0.1 M H2SO4 + 0.1 M H3PO4, i.e., 0.1 S + 2.0 P, 0.1 M H2SO4 + 2.0 M 

H3PO4, i.e., 0.1 S + 2.0 P and 2.0 M H2SO4 + 0.1 M H3PO4, i.e., 2.0 S + 0.1 P at 150 

V and 100 mA.cm-2. The elements testing have been conducting for the TiO2 coatings 

that was conducted for the in vitro testing. 

From the results, it can be noticed that the phosphorous (P) atomic weight in 

percentage (%) is higher than the sulphur (S) on all the coatings. This means that the 

P has higher ions incorporation on the coating build-up over the S ions even on the 

coatings anodised in the electrolytes with level and higher H2SO4 mixture molarity. 

This is again due to the higher dissociation rate of H2SO4 than the H3PO4 in water as 

explained in Section 4.2.4 and Section 4.3.4. 

4.4.4 Mineralogy of Anodised TiO2 in Mixed Electrolyte 

The phase mineralogical patterns of the TiO2 coatings are illustrated as a function of 

applied voltage, current density for 0.1 H2SO4 + 0.1 H3PO4, i.e., 0.1 S + 0.1 P, 0.1 

H2SO4 + 2.0 H3PO4 i.e., 0.1 S + 2.0 P and 2.0 H2SO4 + 0.1 H3PO4 i.e., 2.0 S + 0.1 P. 

The mineralogy testing have been conducting for the TiO2 coatings that were 

conducted for the in vitro testing. 

It is apparent there were no crystalline peaks at the coatings produced at 0.1 S 

+ 0.1 P as seen in Figure 4.41 for 100 V, Figure 4.42 for 150 V and Figure 4.43 for 

180 V and at 0.1 S + 2.0 P as seen in Figure 4.44 for 100 V, Figure 4.45 for 150 V and 

Figure 4.46 for 180 V. While TiO2 crystalline, i.e., anatase and rutile, was obtained at 

2.0 S + 0.1 P as seen in Figure 4.47 for 100 V, Figure 4.48 150 V and Figure 4.49 for 

180 V. The crystallinity percentage of the TiO2 coating has been obtained in Figure 

4.50 for the coatings that have been anodised in 0.1 P + 2.0 S. The crystallisation of 

the TiO2 coating can be obtained in the phase mineralogical patterns in a form of 

intense peaks (Hanaor, 2007). The coatings produced in 2.0 S + 0.1 P have obtained 

an increased anatase crystalline with increased voltage and current density. Anatase 

crystalline peaks can be obtained at 100 V. A stronger anatase peaks can be obtained 

at 150 V. Rutile threshold alongside a stronger anatase peaks can be obtained at 180 
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Figure 4.41: Phase mineralogical Patterns for 100 V, 60 and 100 mA.cm-2 at 0.1 S + 

0.1 P 

 

 

Figure 4.42: Phase mineralogical Patterns for 150 V, 60 and 100 mA.cm-2 at 0.1 S + 

0.1 P 
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Figure 4.43: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 0.1 S + 

0.1 P 

 

 

Figure 4.44: Phase mineralogical Patterns for 100 V, 60 and 100 mA.cm-2 at 0.1 S + 

2.0 P 
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Figure 4.45: Phase mineralogical Patterns for 150 V, 60 and 100 mA.cm-2 at 0.1 S + 

2.0 P 

 

 

Figure 4.46: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 0.1 S + 

2.0 P 
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Figure 4.47: Phase mineralogical Patterns for 100 V, 60 and 100 mA.cm-2 at 2.0 S + 

0.1 P 

 

 

Figure 4.48: Phase mineralogical Patterns for 150 V, 60 and 100 mA.cm-2 at 2.0 S + 

0.1 P 
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Figure 4.49: Phase mineralogical Patterns for 180 V, 60 and 100 mA.cm-2 at 2.0 S + 

0.1 P 

 

 

Figure 4.50: Phase mineralogical Patterns crystallinity percent for TiO2 anodised in 

2.0 M H2SO4 electrolyte as a function of current density and voltage 
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V with ratio 1 to 10 respectively. Higher anatase crystalline was obtained at 100 V 

with the increased current density. This is can be obtained with 17.7 % higher 

crystallinity with the increased current density compared to only 1.5 % at 150 V as 

illustrated in Figure 4.50. The crystallinity was measured for the whole spectrum and 

only TiO2 anatase crystalline was obtained at 100 V and 150 V. Therefore, the 

crystallinity will count for the anatase on those spectra. While anatase and rutile were 

obtained at 180 V. 

From these results, it can be concluded that H2SO4 has promoted higher 

crystallinity, while H3PO4 has obstructed it. This is clear when comparing the 

crystallinity between H2SO4 electrolyte, H3PO4 electrolyte, and mixed electrolyte. 

This can be obtained where higher anatase intensity was obtained with the increased 

voltage at 0.1 M H2SO4 electrolyte for the coating anodised in H2SO4 and at elevated 

molarity to 2.0 M the anatase has transformed to rutile as obtained in Section 4.2.5. 

However, the H3PO4 electrolyte for the coatings anodised in H3PO4 has not promoted 

any crystallinity. The coatings anodised in mixed acids did not promote higher 

crystallinity with the increased voltage (Section 4.3.5). This can be obtained where no 

rutile was obtained at the elevated voltage or at higher molarity, and anatase was only 

obtained at 2.0 S + 0.1 P with increased voltage as seen in Figure 4.47 at 100 V, Figure 

4.48 at 150 V and Figure 4.49 at 180 V. 

The amorphous structure obtained on the coatings anodised in 0.1 S + 0.1 P 

and 0.1 S + 2.0 P can be related to the slower dissolution of H3PO4 in the electrolyte 

compared to the stronger H2SO4. This is has been discussed in Section 4.3.4. While 

the increased H2SO4 molarity at the coatings anodised in 2.0 S + 0.1 P has promoted a 

crystalline coating. 

The amorphous favoured TiO2 structure that was build using H3PO4 electrolyte 

as discussed in Section 4.3.4 can clearly affect the TiO2 crystallinity when mixed 

H3PO4 electrolyte with the highly favoured crystalline electrolyte H2SO4 as discussed 

in Section 4.2.4. This is can be clearly obtained on the coatings anodised in 2.0 S + 

0.1 P. Where higher crystallinity can be obtained (anatase and rutile) at Figure 4.8 and 

Figure 4.10 and the anatase has transformed completely to rutile at 180 V at Figure 

4.12. 

The amorphous structured coatings produced in (0.1 S + 0.1 P) has obtained 

bright colour at all voltages. While the grey colour that corresponds to the coatings 

produced in (2.0 S + 0.1 P) at 150 V and 180 V is associated with the crystalline 



164 

 

 

structure. However, the arsenic colour that corresponds to the coatings produced (0.1 

S + 2.0 P) at 180 V is associated with the amorphous structure. It has already been 

reported that losing colour interference with increased voltage is associated with 

increased oxide breakdown and thickness. This has been explained in Section 4.2.2. 

According to the microstructure results, the higher the porosity resulted from the 

coating breakdown the lower the colour brightness. However, there was no direct or 

clear relationship between the crystallography and the colour interference of the 

coatings. Also according to these results, it can be concluded that the crystallinity 

depends on nature and concentration of the electrolyte, the current density, and the 

applied voltage. 

Table 4.9 and Table 4.10 shows the values of the crystal size and strain for 

anatase (101) and rutile (110) with respect to the applied voltage, molarity, and current 

density. They show a good agreement with those taken from the Joint Committee of 

Powder Diffraction Standards (JCPDS) card file No. 21-1272 for TiO2 (anatase) and 

No. 21-1276 for TiO2 (rutile) respectively (Li and Zeng, 2011; Pookmanee and 

Phanichphant, 2009).  

 

Table 4.9: Grain size along (101) direction of TiO2 anatase crystalline of coatings 

anodised in mixed electrolyte as a function of voltage and current density at 2.0 M 

0.1 P + 2.0 S 2 Theta(θ) Strain (ε) FWHM 
Crystal 

size (nm) 

Current density (mA.cm-2) 60 100 60 100 60 100 60 100 

100 V 25.409 25.421 0.025 0.032 0.113 0.143 1.358 1.073 

150 V 25.365 25.305 0.044 0.038 0.197 0.170 0.778 0.902 

180 V 25.340 25.376 0.043 0.047 0.194 0.212 0.790 0.723 

 

Table 4.10: Grain size along (110) direction of TiO2 rutile crystalline of coatings 

anodised in mixed electrolyte as a function of voltage and current density at 2.0 M 

0.1 P + 2.0 S 2 Theta (θ) Strain (ε) FWHM 
Crytal size 

(nm) 

Current density (mA.cm-2) 60 100 60 100 60 100 60 100 

100 V - - - - - - - - 

150 V - - - - - - - - 

180 V 27.403 27.471 0.042 0.039 0.192 0.178 0.813 0.877 

 

By fitting the phase mineralogical results, the strain ε and grain size of the films 

have been calculated from the (101) and (110) diffraction peaks. The calculated gain 

size as a function of applied voltage and current density at 0.1 P + 2.0 S. As the 

crystalline peak of anatase increased with the increased voltage and current density for 
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the spectra of the coatings anodised in 0.1 P + 2.0 S, the crystallinity also increased 

(Figure 4.50). This is accompanied with a decreased crystal size as obtained in table 

4.9 for anatase main crystalline peak. At 100 V the anatase has increased faster with 

the increased current density (Figure 4.47) as mentioned earlier when compared with 

the spectra of the other voltages, i.e., 150 V (Figure 4.48) and 180 V (Figure 4.49). 

The increased in crystalline percent by 17.7 % as can be obtained in Figure 4.50 has 

accompanied with a 21% decrease in crystal size (Table 4.9) with increased current 

density. While the crystallinity has only increased by 1.5 % at 150 V and 2.8 % at 180 

V. However, the crystal size has increased by 13.7% at 150 V. This is can be obtained 

in Figure 4.48 where the anatase main peak intensity was higher at 60 mA.cm-2. While 

the crystal size of the rutile has increased with the increased current density at 180 V. 

The growth of anatase is accompanied by decrease in the crystal size. This is 

can indicate the stabilization of anatase with the peak growth. Also at the 

transformation threshold to rutile at 180 V (Figure 4.49). This is in contrast to the 

advanced transformation level, where the grain gowth take place as been obtained by 

the spectra of the coatings anodised at 2.0 H2SO4. Where the anatase crystal size 

increased and the rutile’s has increased due phase transformation. This is has been 

described in Section 4.2.4. The increased crystal size of anatase at 150 V as obtained 

in Table 4.9 is due to the decreased peak intensity with the increased current density. 

This is can be due to experimental error occurred, or might be due to contamination in 

the Ti sample. It was supposed to obtain an increased peak intensity with the increased 

current density. However, the crystallinity has increased, although the decreased 

crystal size. A smiliar issue occurred to rutile crystalline at 180 V, where the increased 

crystal size by 7.3 % as obtained in Table 4.10. However, it can be neglectible since 

the rutile has only obtained a threshold peak at one voltage (180 V) at it not enough to 

give the behaviour activity of rutile. It can also be noticed that the rutile thres hold 

crystal size much smaller than the anatase’s threshold at 100 V. This is can be due to 

the reconstructive anatase to rutile transformation involves a contraction of the c-axis 

and an overall volume contraction of 8% (Shannon and Pask, 1965; Criado and Real, 

1983; Rao, Turner and Honig, 1959). This volume contraction explains the higher 

density of rutile relative to anatase. The c-axis of anatase appears to be significantly 

longer than that of rutile only because anatase has more atoms per unit cell than rutile 

(Hanaor and Sorrell, 2011). 
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These results confirm that the voltage, current density and molarity influence 

on the crystalline formation of the growth of TiO2 coatings produced in mixed 

electrolyte. H2SO4 promoted crystallinity, while H3PO4 obstructed it. Only the 

coatings anodised in mixed electrolyte with higher H2SO4 molarity were able to 

promote TiO2 crystalline. 

4.4.5 Optics of Anodised TiO2 in Mixed Electrolyte 

Figure 4.51 and Figure 4.52 observe the bandgap (Eg) of the TiO2 coatings anodised in 

0.1 M H2SO4 + 2.0 M H3PO4, i.e., 0.1 S + 0.1 P and in 2.0 M H2SO4 + 0.1 M H3PO4, 

i.e., 2.0 S + 0.1 P respectively. The parameters are taken for 150 V and 100 mA.cm-2. 

From the results, the following can be described: 

The (k*hv)2 versus hv  plots are shown in Figure 4.51 and Figure 4.52. They 

correspond to the measured bandgap values of 3.60 eV at 0.1 S + 2.0 P and 3.39 eV at 

2.0 S + 0.1 P respectively. 

According to phase mineralogical results, the coating produced at 0.1 S + 2.0 P 

have obtained the amorphous structure. It has obtained higher bandgap values than the 

bandgap of the intrinsic TiO2 crystalline powder. While the coatings produced at 2.0 

S + 0.1 P have obtained anatase intensity, however, balance value of 3.39 eV, which 

is higher bandgap than the bandgap of anatase (3.2 eV). 

The increased of the bandgap values of amorphous than the bandgap value of 

crystalline coatings is unknown. It has been reported that the mechanism of the hole 

conductivity at a level much higher than the edge of the valence band is still a mystery 

(Pham and Wang, 2015). The exaction absorption of these coatings is 344.3 nm for 0.1 

S + 2.0 P and 365.7 nm for 2.0 S + 0.1 P. This means that these coatings are in a good 

condition to conduct the in vitro test with the UV irradiation of 254 nm (UVC). This 

is due to their higher excitation wavelength than 254 nm of the UV lamp. 

4.4.6 Absorption of Anodised TiO2 in Mixed Electrolyte 

The absorption analysis patterns of the coatings anodised in 0.1 H2SO4 + 0.1 H3PO4, 

i.e., 0.1 S + 0.1 P, 0.1 H2SO4 + 2.0 H3PO4 i.e., 0.1 S + 2.0 P and 2.0 H2SO4 + 0.1 

H3PO4 i.e., 2.0 S + 0.1 P. at 150 V and 100 mA.cm-2 as illustrated in Figure 4.53, 
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Figure 4.51: Bandgap (Eg) of coatings at 0.1 S + 2.0 P anodised at 150 V and 

100 mA.cm-2 

 

 

Figure 4.52: Bandgap (Eg) of coatings anodised at 150 V and 100 mA.cm-2 

for 2.0 S + 0.1 P  
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Figure 4.53: Absorption analysis patterns of TiO2 coatings anodised in; (a) 0.1 S + 0.1 

P without treatment, (b) 0.1 S + 0.1 P after 12 hr of UV irradiation 

 

 

Figure 4.54: Absorption analysis patterns of TiO2 coatings anodised in; (a) 0.1 S + 2.0 P 

without treatment, (b) 0.1 S + 2.0 P after 12 hr of UV irradiation  
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Figure 4.55: Absorption analysis patterns of TiO2 coatings anodised in; (a) 2.0 S + 

0.1 P without treatment, (b) 2.0 S + 0.1 P after 12 hr of irradiation UV 

 

Figure 4.54 and Figure 4.55 respectively before and after 12 hours of UV irradiation 

of 254 nm in the water. 

Absorption pattern have a presence of Ti-O groups at band 600-800 cm-1 (Liu 

et al., 2008), sulfone (S=O) that was obtained at the band of 1300-1350 cm-1, 

phosphine (P-H) was obtained at band of 950-1200 cm-1 (Segneanu et al., 2012), water 

(H2O) at band 1860 

cm-1, hydroxyl groups (OH) stretching region 3100-3400 cm-1 and Ti-OH groups at 

band 3635, 3645, 3680, 3750 and 3840 cm-1 (Liu et al., 2008). 

It is apparent from the figures that the phosphine has appeared on all the patterns. 

The sulfone has appeared only on the pattern of the coating anodised in 2.0 S + 0.1 P 

as seen in Figure 4.55. The Ti-O- stretching has increased with the UV treatment. The 

Ti-OH have not changed after the treatment around the band 3635-3840 cm-1 on all the 

patterns, however, the Ti-OH stretching at around 1000 cm-1 has sharpened at only in 

2.0 S + 0.1 P (Figure 4.55). 

The presence of only the phosphine at the coating patterns can be related to the 

remaining acid on the coatings that have resulted from the anodization process. It can 

also be noticed that the phosphine stretching has increased with the increased H3PO4 
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concentration as obtained from Figure 4.53 to Figure 4.54. This can be related to the 

lower dissociation constant of H3PO4 than H2SO4 (Murmson, 2017). Therefore, some 

of the remaining acidic compounds still exist on the coating even after cleaning. Also, 

the remaining acid inside the grooves of the porous coating as seen in Figure 4.38 (m) 

of the coating pores and P ions incorporated within the coating can be counted 

according to the elemental analysis as obtained in Figure 4.40. Although the H2SO4 

has higher dissociation rate than the H3PO4, the presence of the sulfone on the pattern 

of the coating anodised in 2.0 S + 0.1 P can be due to the increased H2SO4 

concentration which have caused the remaining acid to stick on the coating surface and 

inside the pores grooves of the porous coating as seen in Figure 4.38 (p). It can be 

noticed that the Ti-O- presence has a little increase in all the coating patterns after the 

UV treatment. However, the original pattern at 0.1 S + 0.1 P had the strongest Ti-O- 

stretching as seen in Figure 4.53. 

When comparing with the results from H2SO4 electrolyte and H3PO4 

electrolyte, it can be noticed that the strongest Ti-O- stretching has been obtained on 

the less porous coating anodised in lower molarity electrolyte when compared with the 

coating produced in higher molarity as obtained in Figure 4.38 (b) for the coating 

anodised in 0.1 S + 0.1 P, 0.1 M at H2SO4 electrolyte (Figure 4.4 (d)) and 0.1 M at 

H3PO4 electrolyte (Figure 4.22 (d)). 

Also, these coatings have a common of minimal S and/or P ions incorporation 

when compared with the coating produced in higher molarity. This can be obtained in 

Figure 4.7 (a and c) at 0.1 M in H2SO4 electrolyte, Figure 4.24 (a and c) at 0.1 M in 

the H3PO4 electrolyte and Figure 4.40 (a and d) for 0.1 S + 0.1 P in the mixed 

electrolyte. 

The anatase crystalline coatings could also be related to the stronger Ti-O- as 

obtained in 0.1 M in the H2SO4 electrolyte and in 2.0 S + 0.1 P in the mixed electrolyte. 

The coating produced in 0.1 M at H2SO4 electrolyte with anatase structured coating 

(Figure 4.10) has obtained stronger Ti-O- stretching (Figure 4.17) than the coating 

produced at 2.0 M (Figure 4.18) that obtained anatase and rutile with ratio 1 to 3 

respectively (Figure 4.11). The coating that was anodised in 2.0 S + 0.1 P with anatase 

crystalline (Figure 4.48) has obtained strong Ti-OH stretching at the band of 1000 cm-

1 (Figure 4.55). This is due to the photocatalytic activity of the TiO2 crystalline (Wang 

et al., 2007). This Ti-OH group has obtained multiple stretching around the band 1000 

cm-1 after the UV irradiation. This is due to the greater photocatalytic activity of the 
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anatase over rutile (Linsebigler et al., 1995). It is has been reported that the TiO2 

anatase crystalline display a photocatalytic activity under the UV, results in a 

formation of hydroxide groups (Ueda et al., 2010). These hydroxyl groups interact 

with the OH- in the SBF liquid and give rise to the negatively charged surface with 

functional Ti-O-. This is has been explained in detailed in Section 2.10.3 (Liu et al., 

2008; Ueda et al., 2009). 

However, it can be noticed as a conclusion that the coating crystallinity was 

not the domain influence of the strength of the Ti-O- group. All the coatings that 

obtained high Ti-O- group stretching have obtained lower porous surface 

microstructure along with lower acidic incorporated ions (S and/or P). This is clear 

with the coating anodised in 0.1 M in the H2SO4 electrolyte, where low surface 

porosity as obtained in Figure 4.4 (d), low S incorporated ions was obtained in Figure 

4.7 (a and c) and strong Ti-O- group stretching was obtained in Figure 4.17. The 

coating anodised in 0.1 M in H3PO4 electrolyte has also obtained low surface porosity 

as obtained in Figure 4.22 (d), low P ions intensity as seen in Figure 4.24 (a and c) and 

strong Ti-O- stretching group as obtained in Figure 4.33. Last, the coating anodised in 

0.1 S + 0.1 P has contained low porosity as in Figure 4.38 (b) and low S and P ions 

intensity as in Figure 4.40 (a and d) and the strong Ti-O- stretching as in Figure 4.53. 

These parameters can take the domain influence of the Ti-O- group stretching that is 

responsible for the apatite precipitation (Ueda et al., 2010; Uetsuki et al., 2010). 

The stronger Ti-O- functional groups that were obtained on the mixed acids 

electrolyte with lower molarity can obtain higher chance to induce apatite in SBF due 

to apatite nucleation was induced by those groups. Furthermore, these groups were 

expected to increase with UV irradiation and therefore resulted in higher apatite 

formation. Highest hydrophilicty was obtained on the coating that obtained Ti-OH 

functional groups that was obtained on the coating that was anodised in the mixed 

electrolyte. It was also expected to form higher apatite formation due to it reaction with 

the OH- in the SBF results in Ti-O- groups on the surface. 

4.5 Hydrophilicity of Anodised TiO2 

The water contact angle testing (WCA) was taken for the TiO2 coatings produced at 

150 V and 100 mA.cm-2 in the H2SO4 electrolyte, H3PO4 electrolyte, and mixed 
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electrolyte. The water contact angle as obtained in Figure 4.56 was taken to test the 

hydrophilicity of the coatings. While the Table 4.11 list their water contact angle and 

surface energy values. 

It can be noticed from the results that the TiO2 anodised in mixed electrolyte 

has obtained a lower surface contact angle than the coatings anodised in the H2SO4 

electrolyte and H3PO4 electrolyte, therefore, higher hydrophilicity (Young, 1832). The 

TiO2 coating anodised in 2.0 M H3PO4 + 0.1 M H2SO4 has produced the highest 

hydrophilicity among the other coatings. 

It has been reported that the anatase containing coatings show higher 

hydrophilic surface than the rutile containing oxides (Das et al., 2007). However, 

Yamamoto et al., (2012a) have attributed the increased hydrophilicity to the presence 

and/or absence of OH groups and hydrocarbons on the surface rather than the anatase 

crystalline (Yamamoto et al., 2012a). It has also been reported that the surface 

roughness and morphology can also affect the wettability (Das et al., 2007). Moreover, 

it was found that the incorporated P ions within the Ti oxide can contribute to the 

surface hydrophilicity (Park et al., 2009). Also, Yamamoto et al. (2012b) have 

reported that the TiO2 coatings anodised in H2SO4 and H3PO4 have obtained higher 

hydrophilicity among the other coatings anodised in common known acidic, neutral 

and alkaline electrolytes. According to these studies, the TiO2 crystalline, the Ti-OH 

groups, the surface roughness and the P ions can influence the surface hydrophilicity 

of the coating. 

The higher hydrophilicity of the coatings anodised in the H3PO4 electrolyte that 

in the H2SO4 electrolyte can be related to P ions incorporated within the coating. 

However, the higher hydrophilicity of the coatings anodised in the mixed electrolyte 

that H2SO4 electrolyte and H3PO4 electrolyte unknown. The incorporation of S and P 

ions in the same coating has somehow influenced the hydrophilicity of the TiO2 

coating. This is due that the coatings anodised in mixed electrolyte have obtained 

similar properties with the coatings anodised in the H3PO4 electrolyte, where both 

electrolytes have obtained the amorphous structure, various porosity, and low Ti-OH 

functional groups. 

The coating anodised in 2.0 M H2SO4 + 0.1 M H2SO4 has obtained a strong Ti-

OH at the stretching band of 1000 cm-1 (Figure 4.52), strong anatase crystalline (Figure 

4.45), higher porous surface (Figure 4.36 (o)) and the P ions incorporated within the 

coating (Figure 4.37 (c and f)). However, the anatase contained coating that was 
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obtained in 0.1 M (Figure 4.9) and 2.0 M (Figure 4.10) in H2SO4 electrolyte hasn’t 

contributed to the hydrophilicity of the coating. This is clearly where the amorphous 

structured coatings at H3PO4 electrolyte have obtained higher hydrophilicity. Also, the 

coatings have obtained various microstructures at each electrolyte. 

 

Table 4.11: Water contact angles and surface energies with the TiO2 coating surface 

No Samples Contact angle Surface energy (mJ/m2) 

1 As-polished 57.68 ± 0.00º  49.23 ± 0.00 

2 0.1 H2SO4 65.94 ± 0.01 44.22 ± 0.01 

3 0.1 H3PO4 51.90 ± 0.01º 52.66 ± 0.01 

4 2.0 H2SO4 58.74 ± 0.01º 48.60 ± 0.01 

5 2.0 H3PO4 50.22 ± 0.02º 53.64 ± 0.01 

6 0.1 H2SO4 + 0.1 H3PO4 43.81 ± 0.01º 57.28 ± 0.01 

7 0.1 H2SO4 + 2.0 H3PO4 34.44 ± 0.01º 62.29 ± 0.01 

8 2.0 H2SO4 + 0.1 H3PO4 17.04 ± 0.04º 69.79 ± 0.01 

 

 
Figure 4.56: Surface energy analysis on the TiO2 coating surface 

4.6 Summary 

TiO2 coatings anodised in different acidic electrolytes, i.e., H2SO4 electrolyte, H3PO4 

electrolyte and mixture electrolyte (H2SO4 + H3PO4) have undergone several testings, 

i.e., appearance, microstructure, mineralogy, elements, optical, chemical absorption, 

to study their characteristics and optimize the samples selection for in vitro testing 

under UV irradiation. Table 4.12 summarize the significant findings from these 

testings in comparison. 
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Table 4.12: A signifincant findings discussed comparatively between the TiO2 

coatings in individuals and mixed electrolyte. 

Characterisation TiO2 coatings anodised 

in H2SO4 electrolyte 

TiO2 coatings anodised 

in H3PO4 electrolyte 

TiO2 coatings anodised in 

mixture electrolyte 

Appearance  Higher loose of 

appearance with the 

increased voltage due to 

higher breakdown 

intensity 

Lower loose of 

appearance with the 

increased voltage due 

to lower breakdown 

intensity 

Higher loose of appearance 

with the increased voltage 

at electrolyte with the 

increased H2SO4 

concentration 

Microstructure  Smaller pores with 

sponge-like shaped 

pores and higher 

thickness than the 

coatings anodised in the 

H3PO4 electrolyte. 

Larger pores with 

volcano orifice like 

shaped pores, however, 

a less porous density 

that the coatings 

anodised in the H2SO4 

electrolyte. 

A mixture between 

sponge-like and volcano 

orifice like shaped pores. 

Obtained higher thickness 

that the coatings anodised 

in H2SO4 and H3PO4. 

Elementary S ions intensity hasn’t 

obtained significant 

increase with the 

increased molar 

concentration 

P ions intensity has 

increased significantly 

with the increased 

molar concentration 

P ions has obtained higher 

intensity at all coatings. 

Mineralogy Crystalline TiO2, i.e., 

anatase and rutile were 

obtained. 

No crystallinity was 

obtained; only 

amorphous structure. 

The H3PO4 electrolyte has 

suppressed crystalline 

formation, therefore only 

crystalline TiO2 mostly 

anatase has appeared at the 

coatings anodised in a 

mixed electrolyte with 

higher H2SO4 molarity. 

Optical Coatings have obtained 

a minimum excitation 

absorption of ≈ 360 nm, 

which is suitable for the 

coatings to get excited 

under 254 nm UV 

irradiation in in vitro. 

Coatings have obtained 

a minimum excitation 

absorption of ≈ 248 

nm, which is suitable 

for the coatings to get 

excited under 254 nm 

UV irradiation in in 

vitro. 

Coatings have obtained a 

minimum excitation 

absorption of ≈ 345 nm, 

which is suitable for the 

coatings to get excited 

under 254 nm UV 

irradiation in in vitro. 

Absorption Stronger Ti-O- 

functional groups were 

obtained at the coating 

anodised at lower 

molarity and it has not 

increased under UV. 

Stronger Ti-O- 

functional groups were 

obtained at the coating 

anodised at lower 

molarity, however with 

less strength than the 

coating anodised in the 

H2SO4 electrolyte and 

it increased under UV. 

Stronger Ti-O- functional 

groups were obtained at 

the coating anodised at 

lower molarity and it has 

increased under UV. Ti-

OH functional groups have 

been obtained at the 

coating anodised in the 

mixed electrolyte with 

higher H2SO4 molarity and 

increased under UV. 

In vitro 

expectations 

Higher apatite expected to form under UV and on the coatings with higher 

porosity, hydrophilicity, thickness and stronger Ti-O- functional groups. 



 

 

 

5 CHAPTER 5 

IN VITRO ASSESSMENT 

5.1 Introduction 

TiO2 was subjected to in vitro testing to assess the bioactivity of TiO2 surface anodised 

in different medium electrolytes. The bioactivity assessment of the TiO2 coating was 

tested using in vitro testing in simulation body fluid (SBF) in dark and under UV 

irradiation to mimic the reactions that may occur with the human bone-like cells layer. 

The effect of microstructure, mineralogical structure, absorption analysis and 

hydrophilicity of the TiO2 surface was considered in the assessment. 

5.2 Apatite Formation Evaluation on TiO2 Coatings Anodised in Sulphuric 

Acid (H2SO4) Electrolyte 

The TiO2 coatings anodised in the H2SO4 electrolyte for 0.1 M and 2.0 M at 150 V and 

100 mA.cm-2 was subjected to in vitro test using SBF in dark and under UV irradiation. 

Microstructure, morphology, mineralogy, and surface energy of the coatings were 

discussed. 

5.2.1 Microstructure of Apatite Formed on TiO2 Anodised in H2SO4 Electrolyte 

Figure 5.1 and Figure 5.2 obtain the surface image microstructure captured of the 

coatings anodised in the H2SO4 electrolyte for 0.1 M and 2.0 M at 150 V and 100 

mA.cm-2 immersed in the SBF in dark and under the UV irradiation condition 

respectively, while Table 5.1 obtained the apatite-forming ability 
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Figure 5.1: Surface microstructure images of coatings produced in H2SO4 

electrolytes (0.1 M and 2.0 M) at 150 V and 100 mA.cm-2 immersed in SBF in the 

dark for 6 and 12 days 

 

Figure 5.2: Surface microstructure images of coatings produced in H2SO4 

electrolytes (0.1 M and 2.0 M) at 150 V and 100 mA.cm-2 immersed in SBF under 

UV for 6 and 12 days 
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Table 5.1: The apatite forming ability of the coatings anodised in H2SO4 electrolyte 

immersed in the dark and under the UV as a function of electrolyte molarity 

In vitro treatment SBF SBF + UV 

H2SO4 electrolyte molarity  0.1 M 2.0 M 0.1 M 2.0 M 

6 days + ++ ++++ +++ 

12 days +++++ +++ +++++ ++++ 

 

of the coatings immersed in the dark and under the UV as a function of electrolyte 

molarity. 

The apatite has increased with increased immersion time in SBF in the dark 

and under the UV as obtained in Figure 5.1 and Figure 5.2. This is can be related to 

the increased nucleation of HA particles on the TiO2 surface as obtained in Figure 

2.24. Also, higher apatite formation was obtained at coatings produced at lower 

anodization molar concentration as obtained in Figure 5.1 (a and c) for 0.1 M and 

Figure 5.2 (a and c) for 2.0 M. This is can be due to the strong Ti-O- functional group 

stretching obtained in Figure 4.17 for 0.1 M. Also it can be due to the lower surface 

microstructure porosity than for 2.0 M as obtain in Figure 4.4 (d). This was clear for 

coatings immersed at dark and under UV (Figure 5.1 and Figure 5.2). It is also clear 

that apatite formed under UV has progressed apatite deposition than apatite formed in 

the dark. This can be seen at coatings after 6 days of incubation as obtained in Figure 

5.2. This is can be reasonable with the increased Ti-O- stretching for 2.0 M after the 

UV irradiation as obtained in Figure 4.18. However, for 0.1 M the UV irradiation has 

not caused a significant increased in Ti-O- functional groups. This is can be due to the 

increasing nonstoichiometry of the sample, due to oxygen out-diffusion in a vacuum 

(Grujić-Brojčin et al., 2006; Šćepanović et al., 2005). This is has been explained in 

detail in Section 4.2.6. 

It can be also noted that from the beginning until day 6 the apatite was 

precipitated more at coatings produced at 2.0 M (Figure 5.1 (b)) than at 0.1 M (Figure 

5.1 (a)) in the dark condition. This is can be related to higher surface porosity on the 

coating surface for 2.0 M than for 0.1 M as obtained in Figure 4.4 (f). A similar results 

by Yang et al. (2004) and Cui et al. (2009) an increase in apatite formation was 

obtained at the coatings with higher porosity, thickness, and molar concentration after 

3 days and 7 days respectively in SBF in the dark. While from day 6 to day 12 the 

apatite precipitation has suddenly accelerated on the coating produced at 0.1 M and 

resulted in a surface covered apatite. However, the apatite at 2.0 M did cover only 



178 

 

 

certain parts in the dark condition. This is can be due to the stronger Ti-O- functional 

groups obtained has accelerated the apatite growth on the coating surface of 0.1 M. As 

for the apatite precipitated under UV, a regular progression was obtained after 6 days 

and after 12 days at 0.1 M as obtained in Figure 5.2 (a and c). This is can be explained 

as the UV provoked the photocatalysis activity of the coatings surface and increased 

the apatite growth, where the microstructure effect can be minimized when the 

coatings applied for UV. 

The apatite of coatings incubated in the dark has obtained separated deposited 

apatite pieces grown on the surface. This is apparent for coating incubated for 6 days 

as seen in Figure 5.1 (a and b) and Figure 5.2 (a and b). While the apatite of coatings 

incubated for 12 days has grown in a form of spherical agglomerates as seen in Figure 

5.1 (c and d) and Figure 5.2 (c and d). As for the apatite grown under UV, it can be 

seen that the apatite has been formed in a shape of clusters and agglomerates in a 

perpendicular direction to the coating surface. This is due to the increased positive 

charged surface that is caused by the UV that caused the Ca2+ to get repulsed from the 

surface and therefore the Ca2+ ions build join the negative phosphate ions (PO3−
4 ) and 

OH- ions to build the particles away from surface and above each other and thus form 

clusters (Ueda et al., 2009). This is has been explained in detail in Section 2.10.3. 

The resulted apatite formation match with the mechanism of HA precipitation 

on TiO2 in the dark and under the UV as explained in Section 2.10.3. The progressed 

apatite appeared on the coating that has been incubated for 6 days under the UV (Figure 

5.2 (a and b)) than of the coatings incubated in the dark (Figure 5.1 (a and b) is due to 

the apatite formation was speeding up by UV (Han et al., 2008; Liu et al., 2008). 

Abdullah and Sorrell (2007) have reported that the existence of phosphorus, 

calcium, or oxygen on anodised coating indicates that HA has grown on it and the bone 

bioactivity of a material can be predicted from the apatite formation in SBF (Abdullah 

and Sorrell, 2007). 

5.2.2 Elements of the Apatite Formation on TiO2 Anodised in H2SO4 Electrolyte 

Figure 5.3 and Figure 5.4 show the Ca to P ratio for the apatite precipitated on the 

coatings anodised in the H2SO4 electrolyte for 0.1 M and 2.0 M at 150V and 100 
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Figure 5.3: Ca to P ratio of coatings produced in H2SO4 electrolytes (0.1 M and 2.0 

M) at 150 V and 100 mA.cm-2 immersed in SBF in the dark for 6 and 12 days 

 

Figure 5.4: Ca to P ratio of coatings produced in H2SO4 electrolytes (0.1 M and 2.0 

M) at 150 V and 100 mA.cm-2 immersed in SBF under UV for 6 and 12 days 
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Figure 5.5: Bar chart of Ca to P ratio of coatings produced in H2SO4 electrolyte at 

150 V and 100 mA.cm-2 immersed for 6 days in SBF in the dark and under UV  

 

 

Figure 5.6: Bar chart of Ca to P ratio of coatings produced in H2SO4 electrolyte at 

150 V and 100 mA.cm-2 immersed for 12 days in SBF in the dark and under UV 
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mA.cm-2 in the dark and under the UV respectively. While Figure 5.5 and Figure 5.6 

obtain the bar chart to compare the Ca to P ratio of the apatite formed in SBF in the 

dark and under UV. 

The coatings anodised at 0.1 M incubated in the dark (Figure 5.3 (a)) did not 

obtain calcium phosphates precipitation after 6 days of incubation, where P was not 

detected after incubated in the dark. Generally, the ratio of Ca to P has increased with 

the increased incubation time at both incubation conditions. It can be noticed from the 

results that only the apatite formed on the coating anodised in 0.1 M after 12 days 

under UV did match the ratio of the calcium-deficient HA (Ca/P = 1.5-1.67). This ratio 

has been reported by Ramesh et al. (2007) and Zyman et al. (2013). The apatite that 

was formed on the other coatings didn’t obtain the ratio of HA. This can indicate that 

the apatite precipitated on the coating is amorphous calcium phosphates. However, the 

elemental analysis was taken for a partial area equal to approximately 225 µm2 out of 

the whole coating area which is equal of 10000 µm2. This might not indicate the exact 

Ca to P ratio of the whole coating area. 

5.2.3 Mineralogy of the Apatite Formation on TiO2 Anodised in H2SO4 

electrolyte 

Figure 5.7 and Figure 5.8 obtain the mineralogical patterns of the coatings anodised in 

the H2SO4 electrolyte for 0.1 M and 2.0 M respectively at 150 V and 100 mA.cm-2 

immersed in the SBF in dark for 6 and 12 days. Figure 5.9 and Figure 5.10 obtain the 

mineralogical patterns of the coatings immersed under the UV for 0.1 M and 2.0 M 

respectively. The phase mineralogical analysis has confirmed the formation of the 

crystalline apatite HA (JCPDS card #00-055-0592) on the coatings that obtained 

crystalline peaks with orientations (002) and (211). 

All the coatings have obtained a crystalline apatite peaks after 12 days of incubation 

in the dark and under the UV. The patterns that didn’t obtain crystalline peaks have an 

amorphous apatite as obtained in Figure 5.8 (a), which corresponds to the apatite 

formed in the dark on the coating anodised in 2.0 M, and in Figure 5.10 (b), which 

corresponds to the apatite formed under the UV on the 2.0 M coating. The coating 

anodised in 0.1 M didn’t obtain any apatite as obtained in Figure 5.7 (b), this can be 

obtained on the corresponding microstructure surface image Figure 5.1 (a) and 
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Figure 5.7: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 12 

days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.8: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 12 

days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte 
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Figure 5.9: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 12 

days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.10: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte 
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elemental analysis where no P was found on the precipitation (Figure 5.3 (a)). 

The increased peak strength with the increased incubation time can be an 

indication of the increased HA crystallinity. However, most patterns do not obtain 

significant clear peaks. This can be an indication that the coatings in general obtained 

low crystallinity along with the amorphous HA. 

It can be noticed that the UV irradiation has promoted an early apatite 

formation on both coatings at 0.1 M and 2.0 M and early crystallization at 0.1 M. This 

is clearly where the coatings incubated for 6 days under the UV has obtained 

crystalline apatite at 0.1 M (Figure 5.9 (b)) and amorphous apatite at 2.0 M (Figure 

5.10 (b)). Their corresponding apatite that was formed in the dark has obtained no 

apatite at 0.1 M after 6 days of incubation in the dark (Figure 5.7 (b)), and crystalline 

has been obtained at 2.0 M (Figure 5.8 (b)). The coatings after 12 days of incubated 

under the UV has obtained crystalline apatite on 0.1 M (Figure 5.9 (a)) and 2.0 M 

(Figure 5.10 (a)), with calcium-deficient HA with ratio of Ca to P equal to 1.57 as 

obtained at 0.1 M on Figure 5.4 (c) and Figure 5.6. While their corresponding apatite 

that formed in the dark at 0.1 M did obtain lower Ca to P ratio (Figure 5.3 (c)), 

however, it did obtain high crystalline peaks (Figure 5.7 (a)). While for the apatite 

formed at 2.0 M has obtained amorphous apatite (Figure 5.8 (a)). 

In general, higher apatite crystalline precipitated in SBF in the dark and under 

the UV after 12 days was obtained on the coatings anodised in 0.1 M. The apatite that 

formed in SBF the dark condition has no external catalyst or stimulator, which can be 

an indication of coating ability strength to induce apatite. The apatite that  

obtained on the 0.1 M that formed in the dark has obtained the same or slightly higher 

crystallinity than the crystalline apatite that formed under the UV irradiation. This can 

indicate the strength of apatite induction ability of the coatings anodised in 0.1 M in 

the H2SO4 electrolyte. 

The microstructure image results in Figure 5.1 and Figure 5.2 are in a positive 

matching with the mineralogical results as obtained in Figure 5.7, Figure 5.8, Figure 

5.9 and Figure 5.10. It can be obtained that the increased apatite formed according to 

the microstructure images has obtained an increase in the HA crystalline according to 

the mineralogical patterns. An exception is for the patterns of the apatite precipitation 

in the SBF in the dark for the coatings anodised in 2.0 M (Figure 5.8 (a)). This can 

indicate that the grown apatite on that coating according to the mineralogical pattern 

is still an amorphous HA. However, it has been reported that with the growth of the 
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apatite on TiO2, the structure change from amorphous to crystalline on the surface (Liu 

et al., 2008; Ueda et al., 2009). 

In comparison between the mineralogical patterns of the coating mineralogy 

for the coating anodised in 0.1 M and in 2.0 M with the apatite formed mineralogy. It 

can be noticed that higher apatite crystalline was obtained on the coating anodised in 

0.1 M that has obtained anatase crystalline structure as seen in Figure 4.10 (a). This 

can be seen on the apatite that was formed in the dark (Figure 5.7 (a)) and the apatite 

formed under the UV (Figure 5.9 (a)) that obtained the Ca to P ratio of calcium-

deficient HA. This can be related to the higher photocatalytic activity of the anatase 

has been reported by Wang et al. (2007). It has also been reported that the 

photocatalytic activity of the anatase crystalline could be enhanced by the UV 

irradiation (Masahashi et al., 2008). The coating that contains a mixture of anatase and 

rutile crystalline (2.0 M) has also obtained a crystalline apatite under the UV after 12 

days (Figure 5.10 (a)), while it has obtained an amorphous apatite in the dark (Figure 

5.8 (a)). 

It was reported that the Ti-OH groups react with the hydroxyl ions in the SBF 

to produce a negatively charged surface with the functional group Ti-O-. The UV was 

also reported to increase the formation of Ti-OH (Han et al., 2008; Liu et al., 2008). 

The higher apatite crystalline that was formed on 0.1 M can be related to the strong 

and stable Ti-O that was obtained by the absorption analysis (Figure 5.16). However, 

the Ti-O was less strong on the coating that was anodised in 2.0 M even after the UV 

irradiation (Figure 5.17), and this can be related to the less apatite formation and 

crystallization. 

The dominant apatite crystalline at 0.1 M at both conditions (Figure 5.7 (a) and 

Figure 5.9 (a)) that is corresponding to the highest apatite as obtained in Figure 5.1 (a) 

and Figure 5.2 (a) might be related to several factors. The coating crystalline might not 

be the key factor in the difference in the apatite formation and crystallization. This is 

due to the difference in the surface morphology between the coatings, where the 

coating at 0.1 M (Figure 4.4 (d)) had less porosity and less roughness than of the 

coating produced in 2.0 M (Figure 4.4 (f)) as discussed in Section 5.2.2. Also, the 

difference in the solute ions concentration that was included in the coatings due to the 

different molarity of the electrolytes might take an effect. 
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5.2.4 Absorption of the Apatite Formation on TiO2 in Anodised in H2SO4 

Electrolyte 

Figure 5.11 and Figure 5.12 obtain the absorption analysis patterns of the coatings 

anodised in H2SO4 electrolyte for 0.1 M and 2.0 M at 150 V and 100 mA.cm-2 

immersed in the SBF in dark. While Figure 5.13 and Figure 5.14 obtain the absorption 

analysis of the coatings immersed in the SBF under the UV for 0.1 M and 2.0 M 

respectively. 

The absorption patterns have obtained the appearance of intense stretching of 

phosphate group 
3

4

PO  at 1000 cm-1 and bending modes of the apatite structure 

(Kannan et al., 2006; Kuriakose et al., 2004; Liu et al., 2003), along with weak OH 

stretching region at 1620 cm-1 which it was attributed to the bending mode of H2O 

(Balamurugan et al., 2006; Ma et al., 2006) and the broad stretching at 3100-3400 cm-

1 can be assigned for the adsorbed water on HA microstructures (Jokanovic et al., 

2006; Panda et al., 2003) on all the precipitated apatite. The phosphate stretching has 

increased with the increased in the incubation time in SBF in the dark and under UV. 

While the phosphate stretching is higher for the apatite precipitated under UV as 

obtained in Figure 5.13 and Figure 5.14 than the apatite formed in the dark (Figure 

5.11 and Figure 5.12). The presence of the carbonate group 
2

3

CO  stretching band at 

1470 cm-1 might be due to the carbonate ions in the synthesized HA particles originated 

from the atmospheric 
2CO  during the analysis (Kumar et al., 2004; Ma, 2012). 

The absorption analysis can provide a supporting evidence for the formation of 

HA on the anodised coatings (May et al., 2016). The higher phosphate absorbed of the 

apatite formed under the UV as seen Figure 5.13 and Figure 5.14 with the apatite 

formed in the dark (Figure 5.11 and Figure 5.12), indicates that the apatite was denser 

when formed under the UV than the apatite formed in the dark. 

This is clear when relating to the mineralogical results in Section 5.2.4. It can 

be noticed that the higher apatite density is in agreement with the stronger crystalline 

peak with increased incubation time. Except for the coating anodised in 2.0 M as seen 

in Figure 5.8 (a), where the higher apatite density has obtained an amorphous structure 

as obtained in the mineralogical pattern. Although a higher apatite density was 

obtained on the patterns of apatite precipitated under the UV. However, the 

mineralogical results did not obtain a significant crystalline difference between the 
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Figure 5.11: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.12: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte  
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Figure 5.13: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.14: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte  
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patterns of the apatite precipitated under the UV in Figure 5.9 and Figure 5.10 and the 

patterns of the apatite precipitated in the dark in Figure 5.7 and Figure 5.8. This can 

be explained that higher apatite density on the coating produced under the UV, 

although the crystallinity obtained to be similar. This can conclude that the apatite 

formed under the UV promotes little crystalline structure when compared with the 

apatite density of the coating produced in the dark. 

There is a clear relationship between the absorption analysis and the 

microstructure images obtained in Section 5.2.2, where the apatite density was higher 

with the increased apatite precipitation. It appears that the cluster apatite formation 

that formed on the coatings produced under the UV (Figure 5.9 and Figure 5.10) has 

obtained a higher apatite density over the spherical-like apatite coatings that produced 

in the dark (Figure 5.7 and Figure 5.8). It is also worth mentioning that the absorption 

pattern that was obtained in Figure 5.11, that correspond to the apatite formed on the 

coatings anodised in 0.1 M after 6 days of incubation in the dark, has obtained a very 

weak stretching; thus low density, which correspond to the small pieces of apatite 

formed as obtained in Figure 5.1 (a). 

5.3 Apatite Formation Evaluation on TiO2 Coatings Anodised in Phosphoric 

Acid (H3PO4) Electrolyte 

The TiO2 coatings anodised in the H3PO4 electrolyte for 0.1 M and 2.0 M at 150 V and 

100 mA.cm-2 was subjected to in vitro test using SBF in dark and under UV irradiation. 

Microstructure, morphology, mineralogy, and surface energy of the coatings will be 

discussed. 

5.3.1 Microstructure of Apatite Formed on TiO2 Anodised in H3PO4 Electrolyte 

Figure 5.15 and Figure 5.16 show the surface image microstructure captured of the 

coatings anodised in H3PO4 electrolyte for 0.1 M and 2.0 M at 150 V and 100 mA.cm-

2 immersed in SBF in dark and under the UV respectively. Table 5.2 obtained the 

apatite-forming ability of the coating immersed in the dark and under the UV as a 

function of electrolyte molarity. 
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Figure 5.15: Surface microstructure images of the coatings produced in H3PO4 

electrolytes (0.1 M and 2.0 M) at 150 V and 100 mA.cm-2 immersed in SBF in the 

dark for 6 and 12 days 

 

Figure 5.16: Surface microstructure images of the coatings produced in H3PO4 

electrolytes (0.1 M and 2.0 M) at 150 V and 100 mA.cm-2 immersed in SBF under 

UV for 6 and 12 days 
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Table 5.2: The apatite forming ability of the coatings anodised in H3PO4 electrolyte 

immersed in the dark and under the UV as a function of electrolyte molarity 

In vitro treatment SBF SBF + UV 

H2SO4 electrolyte molarity  0.1 M 2.0 M 0.1 M 2.0 M 

6 days + + ++++ +++ 

12 days +++++ +++ +++++ ++++ 

 

The apatite has increased with the increased immersion time in SBF. Also, 

higher apatite formation was obtained at coatings produced at lower anodization molar 

concentration. This can be seen on the apatite after 12 days of incubation in the dark 

as seen in Figure 5.15, while the apatite formed under UV have obtained to be 

progressed after 6 days and after 12 days as seen in Figure 5.16. The apatite produced 

in the dark grows in a small pieces shape after 6 days of incubation as seen in Figure 

5.15 (a and b). While it became agglomerates in spheres like shapes and cover all over 

the floor after 12 days of incubation as seen on coating produced in 0.1 M as seen in 

Figure 5.15 (c). However, the apatite produced under UV takes clusters like shape and 

agglomerates in a perpendicular direction to the coating floor after 6 and 12 days of 

incubation as seen in Figure 5.16 (a,b,c and d). Although, the highest apatite formed 

on 0.1 M after 12 days did not cover 100 % the floor, where voids can be seen in Figure 

5.16 (c). 

The resulted in apatite formation have similar aspects with the apatite formed 

in the coatings anodised in H2SO4, as explained in Section 5.2.1. The Ti-O- is believed 

to have progressed the formation of apatite on the coating that was anodised in 0.1 M 

H3PO4 than at 2.0 M H3PO4. This is apparent after 12 days of incubation in the dark 

as obtained in Figure 5.15 (c), and for 6 and 12 days under UV Figure 5.16 (a and c). 

The apatite has obtained similarly with that obtained on the coating anodised in 0.1 M 

H2SO4 in the dark and under the UV as obtained in Figure 5.1 and Figure 5.2. However, 

the Ti-O- functional group stretching at 0.1 M H3PO4 (Figure 4.33) wasn’t as strong as 

the stretching that was obtained for 0.1 M H2SO4 (Figure 4.17), even after the UV 

irradiation. The advantages of apatite formed in the dark condition at 0.1 M H3PO4 can 

be due to the lower microstructure porosity (Figure 4.22 (d)) and to the higher Ti-O- 

(Figure 4.33) than at 2.0 M H3PO4, similar that was obtained for 0.1 M H2SO4 (Figure 

4.4 (d)) when compared with the apatite formed at 2.0 M H2SO4. While the apatite that 

was formed at 2.0 M H3PO4 have obtained lower porosity (Figure 4.22 (f)) than at 2.0 

M H2SO4 (Figure 4.4 (d)). This is might be the reason for the lower apatite formation 
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in the dark condition (Figure 5.15 (b and d)) when compared with the coating formed 

at 2.0 M H2SO4 (Figure 5.1 (b and d)). However, the apatite formed under the UV was 

similar with that formed at 2.0 M H2SO4 (Figure 5.2 (b and d)), and this is might be 

due to the higher efficiency of the Ti-O- functional groups that was provoked with the 

UV, and has obtained similar stretching (Figure 4.34) with that at 2.0 M H2SO4 (Figure 

4.18). 

5.3.2 Elements of the Apatite Formation on TiO2 Anodised in H3PO4 Electrolyte 

Figure 5.17 and Figure 5.18 obtain the Ca to P ratio for the apatite formation 

precipitated in the H3PO4 electrolyte for 0.1 M and 2.0 M at 150 V and 100 mA.cm-2 

in the dark and under the UV respectively. While Figure 5.19 and Figure 5.20 obtain 

the bar chart to compare the Ca to P ratio of the apatite formed in SBF in the dark and 

under UV. 

According to the elemental analysis, the coatings anodised at 0.1 M incubated 

in SBF in the dark (Figure 5.17 (a)) did not obtain calcium phosphates precipitation 

after 6 days of incubation. Where there was neither P nor Ca were detected on the 

coating. In general, the ratio of Ca to P has increased with the increase of incubation 

time at the apatite obtained in the dark as seen in Figure 5.17. While the apatite 

obtained under the UV has obtained the same ratio with the increased in incubation 

time as seen in Figure 5.18. 

It can be noticed from the results that the precipitation ratio did not match the 

ratio of stoichiometric HA (Ca/P = 1.67) of human bone nor the ratio of calcium-

deficient HA (Ca/P = 1.5 - 1.67) as reported by Ramesh et al. (2007) and Zyman et al. 

(2013). This can indicate that the apatite precipitated on the coating is amorphous 

calcium phosphates. 

However, it has to be noticed that the lower ratio obtained in the apatite formed 

under the UV comparing to the apatite formed in the dark has no clear reason. While 

it is worth noticing that the closer intensity of the P to the S might not be related to the 

content of the apatite. The phosphate ions incorporated within the coating must be 

taken into the account. Where higher P ions intensity can be detected especially on the 

coatings anodised in 2.0 M. 
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Figure 5.17: Ca to P ratio of the coatings produced in H3PO4 electrolytes (0.1 M and 

2.0 M) at 150 V and 100 mA.cm-2 immersed in SBF in the dark for 6 and 12 days 

 

Figure 5.18: Ca to P ratio of coatings produced in H3PO4 electrolytes (0.1 M and 2.0 

M) at 150 V and 100 mA.cm-2 immersed in SBF under UV for 6 and 12 days 
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Figure 5.19: Bar chart of Ca to P ratio of coatings produced in H3PO4 electrolyte at 

150 V and 100 mA.cm-2 immersed for 6 days in SBF in the dark and under UV 

 

 

Figure 5.20: Bar chart of Ca to P ratio of coatings produced in H3PO4 electrolyte at 

150 V and 100 mA.cm-2 immersed for 12 days in SBF in the dark and under UV 
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When comparing with the Ca to P ratio of the apatite formed on the coatings 

anodised in the H2SO4 electrolyte. It can be noticed that H3PO4 electrolyte did not 

obtain the Ca to P ratio of HA apatite even after the UV irradiation. This can be 

advantageous for the H2SO4 electrolyte, where the coating did obtain HA ratio at 0.1 

M after 12 days of incubation in SBF under UV as seen in Figure 5.4 (c). Also, the 

H2SO4 electrolyte has obtained higher Ca to P ratio after incubation in SBF under UV. 

However, not for the apatite after incubated in the dark, where the ratio was higher on 

H3PO4 electrolyte (Figure 5.17 (a and b)) than in H2SO4 electrolyte (Figure 5.18 (a and 

b)). 

This indicates that the coatings anodised in H3PO4 electrolyte had a higher 

potential to buildup HA on the coating incubated in the dark. However, the lower ratio 

of the apatite formed under the UV in the H3PO4 electrolyte can be related to the 

increase in the P ions concentration on the coating. This can have affected the ratio of 

Ca to P, or due to these ions have been affected by the UV to build an amorphous 

apatite. Song et al. (2009) have concluded that H2SO4 electrolyte did obtain a higher 

ratio that H3PO4 electrolyte after 3 days of incubation in MEM solution. While Cui et 

al. (2009) did not obtain any apatite formation ability on H3PO4 electrolyte even after 

7 days in SBF. 

5.3.3 Mineralogy of the Apatite Formation on TiO2 Anodised in H3PO4 

electrolyte 

Figure 5.21 and Figure 5.22 obtain the mineralogical patterns of the coatings anodised 

in 0.1 M and 2.0 M respectively at 150 V and 100 mA.cm-2 immersed in SBF in the 

dark for 6 and 12 days. While Figure 5.23 and Figure 5.24 obtain for the coatings 

immersed under the UV for 0.1 M and 2.0 M respectively.  

The patterns as obtained in Figure 5.21 and Figure 5.22 correspond to the 

coatings incubated in SBF in the dark, while the patterns as obtained in Figure 5.23 

and Figure 5.24 to correspond to the coatings incubated in SBF under the UV 

irradiation. The phase mineralogical analysis has confirmed the formation of the 

crystalline apatite HA (JCPDS card #00-055-0592) on all the crystalline coatings, 

except the coating anodised in 2.0 M that was incubated in the dark and under the UV, 

where they have obtained HA (JCPDS card #00-055-0592) and HA (JCPDS card #00- 
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Figure 5.21: Phase mineralogical patterns for apatite precipitation in SBF for 6 and 

12 days the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H3PO4 

electrolyte 

 

 

Figure 5.22: Phase mineralogical patterns for apatite precipitation in SBF for 6 and 12 

days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H3PO4 

electrolyte 
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Figure 5.23: Phase mineralogical patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H3PO4 

electrolyte 

 

 
Figure 5.24: Phase mineralogical patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H3PO4 

electrolyte 

20 30 40 50 60 70

Ti

hydroxylapatite (HA)

12 days - 0.1 M H3PO4

Position (o2θ)

In
te

n
si

ty

(2
1

1
)

(0
0

2
)

(0
0

2
)

(2
1

1
)

6  days - 0.1 M H3PO4

20 30 40 50 60 70

Ti

Hydroxylapatite (HA)

12 days - 2.0 M H3PO4

Position (o2θ)

In
te

n
si

ty

(0
0
2
)

(2
1
1
)

6  days - 2.0 M H3PO4



198 

 

 

 

073-6113) respectively. All the crystalline coatings have that obtained crystalline 

peaks with orientations (002) and (211). 

All the coatings have obtained crystalline apatite peaks after 12 days of 

incubation in the dark and under the UV. However, the crystalline peaks of the apatite 

formed under the UV as seen in Figure 5.21 (a) for 0.1 M and Figure 5.22 (a) for 2.0 

M were higher than the ones formed in the dark as obtained in Figure 5.23 (a) for 0.1 

M and Figure 5.24 (a) for 2.0 M. The patterns that didn’t obtain crystalline peaks have 

an amorphous apatite in the apatite formed at 2.0 M for 6 days in the dark (Figure 5.22 

(b)) and their corresponding apatite formed under the UV (Figure 5.24 (b)). While the 

remaining coating anodised in 0.1 M has obtained no apatite (Figure 5.21 (b)). this has 

been cleared by the elemental analysis, where the small precipitations on the coating 

have obtained no Ca or P (Figure 5.21 (a)). 

It can be noticed that the apatite mineralogy has obtained the same results with 

the ones in H2SO4 electrolyte, where the UV irradiation has promoted an earlier apatite 

formation on both coatings at 0.1 M and 2.0 M and earlier crystallization at 0.1 M. 

However, unlike H2SO4 electrolyte the crystalline apatite formed under the UV (Figure 

5.21 and Figure 5.22) has obtained an increased intensity than the apatite formed in 

the dark (Figure 5.23 and Figure 5.24). In general, the coatings anodised in 0.1 M have 

obtained higher apatite crystalline than the coating anodised in 2.0 M. 

The apatite that formed in the dark (Figure 5.21 and Figure 5.22) has no external 

catalyst or stimulator, which can be an indication of the coating ability strength to 

induce apatite. While the increased crystalline apatite (Figure 5.23 and Figure 5.24) 

that corresponds to the higher apatite formed under the UV (Figure 5.16) can indicate 

that the UV has stimulated higher apatite formation and crystallization. This 

phenomenon can be related to the mechanism as explained in Section 2.10.3. 

The microstructure image results in Figure 5.15 for the apatite formed in the 

dark and in Figure 5.16 for the apatite formed under the UV are in a positive matching 

with the mineralogical results as obtained in Figure 5.7 and Figure 5.8 for the apatite 

formed in the dark, and for Figure 5.9 and Figure 5.10 for the ones formed under the 

UV. It can be noticed that the increased apatite formed according to the microstructure 

images has obtained an increase in the apatite crystalline according to the 

mineralogical patterns. This can be obtained in the apatite formed under the UV has 

obtained an increased precipitation and crystallization than the apatite formed in the 
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dark. It has been reported that with the growth of the apatite on TiO2, the structure 

change from amorphous to crystalline on the surface (Liu et al., 2008; Ueda et al., 

2009). 

In a comparison between the mineralogical results of the apatite formed on the 

coatings anodised in the H3PO4 electrolyte with their corresponding in the H2SO4 

electrolyte. It can be noticed that the crystalline apatite formed under the UV in H2SO4 

electrolyte has almost the same crystalline intensity with their corresponding in the 

H3PO4 electrolyte. While the coatings anodised in H2SO4 electrolyte has obtained a 

progressed apatite crystalline over their corresponding in the H3PO4 electrolyte in the 

dark. This can be obtained after 12 days of incubation on 0.1 M (Figure 5.7 (a)) and 

on 2.0 M (Figure 5.8 (a)) after 6 days. This can give an advantage of apatite 

crystallinity formed on H2SO4 electrolyte over H3PO4 electrolyte. 

The crystalline coatings that were on the coatings anodised in the H2SO4 

electrolyte (Figure 4.10 (a) and Figure 4.11 (a)) has been given an advantage regarding 

the apatite crystalline over the amorphous coatings of H3PO4 electrolyte (Figure 4.27 

(a) and Figure 4.28 (a)). This can be obtained at the coatings incubated in the dark has 

obtained higher apatite crystalline in the H2SO4 electrolyte (Figure 5.7 and Figure 5.8). 

The crystalline apatite of the coatings under the UV on both coatings has obtained to 

be the same. This is due to the apatite induction has been forced by the UV irradiation. 

Moreover, the crystalline has obtained to be higher on the coatings anodised in 0.1 M 

at both electrolytes in the dark (Figure 5.7 and Figure 5.21) and under the UV (Figure 

5.8 and Figure 5.22). It can be noticed that the coatings anodised at 0.1 M at both 

electrolytes have obtained stronger Ti-O- group stretching as obtained in Figure 4.17 

for H2SO4 electrolyte and in Figure 4.34 for the H3PO4 electrolyte.  

In general, it can be concluded that there are several factors that can affect the 

apatite formation and crystallization between the H2SO4 electrolyte and H3PO4 

electrolyte. The higher apatite formation and crystallization in the dark and under the 

UV conditions were obtained on the coatings that obtained lower microstructure 

surface porosity, higher Ti-O- functional groups and the lower acidic incorporated ions 

on the coatings surface. All of these factors have been obtained on the coatings that 

were anodised in 0.1 M in both electrolytes. Moreover, the anatase crystalline 

advantage compared to the amorphous and the stronger and stable Ti-O- groups of the 

coating anodised in 0.1 M can be related to the apatite formation and crystallization of 

H2SO4 electrolyte over the coating anodised in the H3PO4 electrolyte. 
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5.3.4 Absorption of the Apatite Formation on TiO2 in Anodised in H3PO4 

Electrolyte 

Figure 5.25 and Figure 5.26 obtain the absorption analysis patterns of the coatings 

anodised in 0.1 M and 2.0 M respectively immersed in SBF in the dark. While Figure 

5.27 and Figure 5.28 obtain for the coatings immersed under the UV irradiation for 0.1 

M and 2.0 M respectively. 

The phosphate stretching has increased with the increased incubation time in 

the SBF in the dark (Figure 5.25 and Figure 5.26) and under the UV (Figure 5.27 and 

Figure 5.28). The phosphate stretching was higher for the apatite precipitated under 

the UV (as obtained in Figure 5.27 and Figure 5.28) than the apatite formed in the dark 

as seen in Figure 5.25 and Figure 5.26. It can also be noticed that the phosphate 

stretching of the apatite formed in the SBF in the dark had the same intensity for the 

coatings produced in 0.1 M (Figure 5.25) and 2.0 M (Figure 5.26). However, the 

phosphate for the apatite formed under the UV was higher on 0.1 M (Figure 5.27) and 

at its highest intensity after 12 days of incubation as seen in Figure 5.27 (a). 

The phosphate intensity can indicate the apatite density on the coating (Mary 

et al., 2016). It can be noticed that the higher apatite density does agree with the high 

crystalline peaks in Section 5.3.4 as obtained on the apatite incubated in SBF after 12 

days as obtained in Figure 5.21 (a), Figure 5.22 (a), Figure 5.23 (a) and Figure 5.24 

(a). 

The higher apatite density according to the absorption analysis was obtained of 

the apatite precipitated under the UV, and it in on an agreement with the mineralogical 

results that has slightly higher crystalline peaks on the patterns of apatite precipitated 

under the UV Figure 5.8 and Figure 5.10. Therefore, this can confirm that the UV 

promotes higher crystalline structure with the increased apatite density. However, the 

results in H2SO4 electrolyte did not obtain an increased crystalline intensity with the 

increased in the apatite density under UV as discussed in Section 5.2.5. 

There is a clear relation with the microstructure images in Section 5.3.2, where 

the higher apatite density does agree with the higher apatite precipitation. These results 

have obtained to be similar to results in the H2SO4 electrolyte. However, the phosphate 

stretching of the apatite produced in the dark, especially after 6 days in SBF have 

obtained to be stronger in H3PO4 electrolyte than in H2SO4 electrolyte (Figure 5.25 

and Figure 5.26), although the apatite obtained was very little according to the 
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Figure 5.25: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.26: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte 
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Figure 5.27: Absorption analysis Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

electrolyte 

 

 

Figure 5.28: Absorption analysis Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

electrolyte 
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microstructure images (Figure 5.15 (a and b)) when compared with H2SO4 electrolyte. 

This can be related to the P ions that was incorporated into the coating has affected the 

intensity pattern. 

Both electrolytes have obtained a common advantageous apatite formation on 

the coating anodised in 0.1 M. The coating at 0.1 M have obtained higher apatite 

formation according to the microstructure images at H2SO4 electrolyte and H3PO4 

electrolyte, a progressed HA crystalline as obtained in the mineralogical analysis, the 

ratio of crystalline HA after 12 days in SBF as obtained in Figure 5.7 (c) and Figure 

5.21 (c) for H2SO4 electrolyte and H3PO4 electrolyte respectively. Also, the higher 

apatite density according to the absorption analysis after incubated in SBF under the 

UV for 12 days as obtained in Figure 5.11 and Figure 5.25 respectively. Also the 

apatite formed on the coating anodised in 0.1 M as obtained in Figure 5.1 (a and c) and 

Figure 5.15 (a and c) respectively, after incubated in SBF in the dark condition have 

obtained a progressed results over their corresponding apatite formed in 2.0 M (Figure 

5.1 (b and d) and Figure 5.15 (b and d)). Incubation for 12 days was enough to 

distinguish the advantageous of apatite formed on 0.1 M coating over the coating 

anodised in 2.0 M on H2SO4 and H3PO4 electrolytes. 

5.4 Apatite Formation Evaluation on TiO2 Coatings Anodised in Mixture of 

Sulphuric acid (H2SO4) and Phosphoric acid (H3PO4) Electrolyte 

The TiO2 coatings in mixed electrolyte were subjected to in vitro test using SBF in the 

dark and under the UV. Microstructure, morphology, mineralogy, and surface energy 

of the coatings will be discussed. 

5.4.1 Microstructure of Apatite Formed on TiO2 Anodised in Mixed Electrolyte 

Figure 5.29 and Figure 5.30 obtain the surface image microstructure of the coating 

anodised in mixed electrolyte captured of the coatings immersed in SBF in the dark 

and under the UV respectively. Table 5.3 obtained the apatite-forming ability of the 

coating immersed in the dark and under the UV as a function of electrolyte molarity. 

In the dark condition, the coating anodised in 2.0 M H2SO4 + 0.1 M H3PO4 has 

obtained the highest apatite formation as shown in Figure 5.29 (c and f). While the 
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lowest formation was obtained on the coating that was anodised in 0.1 M H2SO4 + 2.0 

M H3PO4. Both the coatings anodised in 0.1 M H2SO4 + 0.1 M H3PO4 and in 2.0 M 

H2SO4 + 0.1 M H3PO4 have obtained a full floor covered apatite as obtained in Figure 

5.29 (d and f). It can be noticed that the higher apatite formation at 2.0 M H2SO4 + 0.1 

M H3PO4 is believed to be related to Ti-OH functional groups according to the 

absorption analysis obtained in Figure 4.55. The Ti-OH was reported to interact with 

the OH- in SBF to form Ti-O- radiacals that is responsible for apatite nucleation (Ueda 

et al., 2010; Uetsuki et al., 2010). This is considered advantage when compared to the 

coating anodised in 2.0 M H2SO4 electrolyte only that didn’t obtain similar apatite 

formation ability. Although it has obtained porous structure with smaller pores (Figure 

4.4 (h)) and weak Ti-O- functional groups (Figure 4.18). Also considered advantageous 

over the coating anodised in 0.1 M H3PO4 that didn’t obtain similar apatite ability 

although it has obtained stronger Ti-O- functional groups (Figure 4.33). This is can be 

got something to do with the mixed acidic ions, i.e., S and P, incorporated on the 

coating anodised in 2.0 M H2SO4 + 0.1 M H3PO4 (Figure 4.40 (f)). That has promoted 

atomic order, i.e., strong anatase crystalline (Figure 4.48) that promote higher apatite 

formation. Also has promoted higher porosity with larger porous than the other 

coatings with sponge-like shape porous as obtained in Figure 4.38 (o). This 

comparison can also be applied to the coating anodised in 0.1 M H2SO4 + 0.1 M H3PO4 

with the coating andozied in 0.1 M H2SO4 and in 0.1 M H3PO4. Where at 0.1 M H2SO4 

+ 0.1 M H3PO4 has obtained higher apatite formation ability (Figure 5.30 (a and d)). 

Although it hasn’t obtained advantageous crystalline structure (Figure 4.42), not 

stronger Ti-O functional groups (Figure 4.53) than the ones formed at 0.1 M H2SO4 

(Figure 4.17). This advantageous apatite formation ability at 0.1 M H2SO4 + 0.1 M 

H3PO4 can also be related to the mixed acidic ions incorporated into the coating (Figure 

4.40 (d)). However, the lower porosity of the coating (Figure 4.4 (d)) might also be 

related to the increased apatite formation. 

 

Table 5.3: The apatite forming ability of the coatings anodised in mixed electrolyte 

immersed in the dark and under the UV as a function of electrolyte molarity 

In vitro treatment SBF SBF + UV 

H2SO4 electrolyte molarity  0.1 S + 

0.1 P 

0.1 S + 

2.0 P 

2.0 S + 

0.1 P 

0.1 S + 

0.1 P 

0.1 S + 

2.0 P 

2.0 S + 

0.1 P 

6 days ++ + ++ ++ +++ ++++ 

12 days +++++ ++ +++++ ++++ ++++ ++++ 
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Figure 5.29: Surface microstructure images of the coatings produced in mixed electrolytes at 150 V and 100 mA.cm-2 immersed in SBF for 6 and 

12 days in the dark for 6 and 12 days
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Figure 5.30: Surface microstructure images of the coatings produced in mixed electrolytes at 150 V and 100 mA.cm-2 immersed in SBF for 6 and 

12 days under the UV for 6 and 12 days 
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While the coating anodised in 2.0 M H3PO4 + 0.1 M H2SO4 has obtained the 

lowest apatite formation after 6 and 12 days as obtained in Figure 5.29 (b and e). This 

is can be related to the increased P ions that were incorporated into the TiO2 coating 

according to the elemental analysis obtained in Figure 4.40 (e). The concentrated P 

ions can somehow obstruct the formation of functional groups on the coating surface. 

The apatite formed under the UV has also resulted in higher apatite formed at an earlier 

time (6 days) at 0.1 M H3PO4 + 2.0 M H2SO4 (Figure 5.30 (c)), while the apatite was 

formed equally after 12 days of incubation (Figure 5.30 (d,e and f)). However, the 

apatite formed at 0.1 M H3PO4 + 0.1 M H2SO4 has obtained the lowest apatite 

formation at the earlier time of incubation (6 days) (Figure 5.30 (a)). The change in 

the apatite formation can be explained as the UV provoked the photocatalysis activity 

of the coatings surface and increased the apatite growth, where the microstructure 

effect can be minimized when the coatings applied for UV. This is can be obtained 

clearly at 2.0 M H3PO4 + 0.1 M H2SO4. Where it has obtained higher apatite formed 

under the UV (Figure 5.30 (b and e)) than the apatite formed in the dark (Figure 5.29 

(b and e)). However, it didn't obtain strong Ti-O- stretching (Figure 4.54). The higher 

porosity, coating thickness, mixed acidic ions within the coatings, TiO2 anatase 

crystalline, hydrophilicity and Ti-OH functional groups that was obtained at 2.0 M 

H3PO4 + 0.1 M H2SO4 is believed to cause the higher apatite formation. It has been 

reported that osseointegration is better led by higher surface roughness, higher 

wettability and increased number and size of micro-pores (Das et al., 2007; Zhu et al., 

2004). 

5.4.2 Elements of the Apatite Formation on TiO2 Anodised in Mixed Electrolyte 

Figure 5.31 and Figure 5.32 obtain Ca to P ratio for apatite formation precipitated in 

the dark and under the UV respectively. While Figure 5.33 and Figure 5.34 obtain the 

bar chart to compare the Ca to P ratio of the apatite formed in SBF in the dark and 

under UV. 

It can be noticed that the Ca to P ratio has increased with the increased 

incubation time in the dark and under the UV conditions. However, the ratio values 

fluctuate and cannot distinguish that which condition has higher ratio values. None of 

the coatings has obtained the Ca to P ratio of the stoichiometric HA (Ca/P = 1.67) of 
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Figure 5.31: Ca to P ratio of the coatings produced in mixed electrolyte at 150 V and 100 mA.cm-2 immersed in SBF in the dark for 6 and 12 days 
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Figure 5.32: Ca to P ratio of coatings produced in mixed electrolyte at 150 V and 100 mA.cm-2 immersed in SBF under UV for 6 and 12 days 
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Figure 5.33: Bar chart of Ca to P ratio of coatings produced in mixed electrolyte at 

150 V and 100 mA.cm-2 immersed for 6 days in SBF in the dark and under UV 

 

 

Figure 5.34: Bar chart of Ca to P ratio of coatings produced in mixed electrolyte at 

150 V and 100 mA.cm-2 immersed for 12 days in SBF in the dark and under UV 
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neither human bone nor the ratio of calcium-deficient HA (Ca/P = 1.5 - 1.67) (Ramesh 

et al., 2007; Zyman et al., 2013). This can indicate that the apatite precipitated on the 

coating is amorphous calcium phosphates. 

However, these coatings have not obtained higher apatite precipitation after 6 

days of incubation as obtained in Figure 5.1 (c) and Figure 5.15 (c) respectively. These 

coatings have obtained single incorporated ions on their coating. As the coating 

anodised in 0.1 M H2SO4 has obtained S ions (Figure 4.7 (c)) and P ions incorporated 

on 0.1 M H3PO4 (Figure 4.24 (c)). While the coating anodised in 0.1 M H3PO4 + 0.1 

M H2SO4 has obtained S and P ions incorporated within the coatings as obtained in 

Figure 4.40 (d). This mixed ions incorporated, higher hydrophilicty, higher coating 

thickness can be behind the higher apatite formed at an earlier stage (Figure 5.29 (a)), 

compared to the apatite formed at 0.1 M H2SO4 (Figure 5.1 (a)) and 0.1 M H3PO4 

(Figure 5.15 (a)). 

5.4.3 Mineralogy of the Apatite Formation on TiO2 Anodised in Mixed 

Electrolyte 

Figure 5.35, Figure 5.36 and Figure 5.37 obtain the mineralogical patterns of coatings 

anodised in 0.1 M H2SO4 + 0.1 M H3PO4, 0.1 M H2SO4 + 2.0 M H3PO4 and 2.0 M 

H2SO4 + 0.1 M H3PO4 respectively immersed in SBF in dark for 6 and 12 days. Figure 

5.38, Figure 5.39 and Figure 5.40 obtain the mineralogical patterns of coatings 

immersed under the UV. 

The patterns as obtained in Figure 5.35, Figure 5.36 and Figure 5.37 correspond to the 

coatings incubated in SBF in the dark, while the patterns as obtained in Figure 5.38, 

Figure 5.39 and Figure 5.40 correspond to the coatings incubated in SBF under the UV 

irradiation. The phase mineralogical analysis has confirmed the formation of the 

crystalline apatite HA (JCPDS card #00-055-0592) on all the crystalline coatings, 

except the coating anodised in 0.1 M H3PO4 + 2.0 M H2SO4 that was incubated in the 

dark and under the UV, where they have obtained HA (JCPDS card #00-024-0033) 

All the crystalline coatings have that obtained crystalline peaks with orientations (002) 

and (211). 

All the coatings have obtained crystalline apatite peaks in the dark and under 

the UV after 12 days, while the crystalline apatite at an earlier time has only been 
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Figure 5.35: Phase mineralogical patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 0.1 M H3PO4 electrolyte 

 

 

Figure 5.36: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 2.0 M H3PO4 electrolyte 
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Figure 5.37: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

+ 0.1 M H3PO4 electrolyte 

 

 

Figure 5.38: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 0.1 M H3PO4 electrolyte 
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Figure 5.39: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 2.0 M H3PO4 electrolyte 

 

 

Figure 5.40: Phase mineralogical Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

+ 0.1 M H3PO4 electrolyte 
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obtained by the coating anodised in 2.0 M H2SO4 + 0.1 M H3PO4. The coating anodised 

in 0.1 M H2SO4 + 2.0 M H3PO4 has obtained no apatite according to the elemental 

analysis obtained in Figure 5.31 (b), where Ca was not detected on the precipitation. 

There is no significant difference in the crystalline peak intensity between the apatite 

formed in the dark and the apatite formed under the UV. Also between the apatite 

formed in the different coatings incubated in the same condition. 

When relating between the apatite crystallinity and the apatite surface 

microstructure images as obtained in Figure 5.29 and Figure 5.30, it can be noticed 

that the coatings anodised in 2.0 M H2SO4 + 0.1 M H3PO4 have obtained, in general, 

the highest apatite formation among the other coatings in the dark (Figure 5.29 (c and 

f)) and under the UV (Figure 5.30 (c and f)), after 6 and 12 days of incubation time. 

This can be related the that it was the only coating to obtain a crystalline apatite after 

6 and 12 days as obtained in Figure 5.37 and Figure 5.40 for the apatite formed in the 

dark and under the UV respectively. 

When comparing the coating crystallinity and the apatite formed in the 

different condition, it can be noticed that the crystalline coating has promoted higher 

crystallization. This can be seen on the anatase structured coating that was anodised in 

2.0 M H2SO4 + 0.1 M H3PO4 (Figure 4.48) that has obtained crystalline apatite after 6 

and 12 days of incubation in the different conditions. While the other coatings have 

obtained amorphous coating structure as obtained in Figure 4.42 for 0.1 M H2SO4 + 

0.1 M H3PO4 and in Figure 4.45 for 0.1 M H2SO4 + 2.0 M H3PO4. These coatings have 

obtained crystalline apatite only after 12 days of incubation at both conditions. 

According to the absorption results, it can be noticed that the Ti-O- group 

stretching as obtained in Section 4.4.7 has not affected the apatite crystalline intensity. 

However, it has affected the apatite formation ability according to the surface 

microstructure image. This can be obtained where the increased Ti-O- has obtained an 

increased apatite formation. This can be obtained when compared between the coatings 

anodised in 0.1 M H2SO4 + 0.1 M H3PO4 (Figure 5.29 (a and d)) and in 0.1 M H2SO4 

+ 2.0 M H3PO4 (Figure 5.39 (b and e)). Where the Ti-O- was observed to be stronger 

at 0.1 M H2SO4 + 0.1 M H3PO4 even before the UV irradiation (Figure 4.53) when 

compared with the coating obtained on 0.1 M H2SO4 + 2.0 M H3PO4 (Figure 4.54). 

While the coating anodised in 2.0 M H2SO4 + 0.1 M H3PO4 that obtained the highest 

apatite formation and earlier apatite crystallization has obtained a weaker Ti-O- 

stretching only after the UV irradiation (Figure 4.55). However, it has obtained strong 
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Ti-OH stretching that hasn’t obtained on the other coatings. This can be related to the 

coating’s advantageous apatite formation and crystallization. This is due to the 

photocatalytic activity of the TiO2 crystalline (Wang et al., 2007) that forms Ti-OH 

radicals on its surface, which is believed to be responsible for apatite precipitation 

(Ueda et al., 2010; Uetsuki et al., 2010). It was also found to be increased with the UV 

irradiation (Han et al., 2008; Liu et al., 2008). 

When compared the results from mixed electrolyte with the results from the 

H2SO4 electrolyte and H3PO4 electrolyte, it can be concluded that the coating anodised 

in 2.0 M H2SO4 + 0.1 M H3PO4 has obtained the highest apatite crystalline and 

formation performance. This can be obtained on the crystalline apatite that was 

obtained after 6 days of incubation in the dark (Figure 5.37) and under the UV (Figure 

5.40) that were not obtained on any other coating. Also, the apatite formation that has 

obtained in the dark (Figure 5.29 (c and f)) and under the UV (Figure 5.30 (c and f)) 

were higher than the other coatings. However, the Ti-O- group stretching obtained on 

the 2.0 M H2SO4 + 0.1 M H3PO4 (Figure 4.55) has been obtained only after the UV 

irradiation. Nonetheless, it was noticed that the coating has obtained an increased 

strong Ti-OH with the UV irradiation under water at band 1000 cm-1. 

It can be concluded that there are several factors which influence the apatite 

formation and crystallization between H2SO4 electrolyte, H3PO4 electrolyte, and 

mixed electrolyte. The higher apatite formation and crystallization in the dark and 

under the UV conditions were obtained on the coatings anodised in 0.1 M H2SO4 in 

the H2SO4 electrolyte and 0.1 M H3PO4 on H3PO4 electrolyte. While the coating 

anodised in 2.0 M H2SO4 + 0.1 M H3PO4 on mixed electrolyte has obtained the highest 

apatite formation and crystallization especially at earlier incubation time. These 

coatings have a different surface microstructure, where they have obtained different 

porosity and roughness. Also, they have obtained the different intensity of acidic 

incorporated ions on the coating according to the elemental analysis. The coatings 

anodised in 0.1 M H2SO4 and 2.0 M H2SO4 + 0.1 M H3PO4 has obtained anatase with 

increased intensity to the later, while the coating anodised in 0.1 M H3PO4 has obtained 

an amorphous structure. 

All of the three coatings have obtained Ti-O- functional group stretching, 

however, in a different level. The strong and stable Ti-O- stretching at 0.1 M H2SO4 

could be related to the higher apatite formation and crystallization along with the 

coating crystallinity advantage (anatase) over the weaker Ti-O- that was obtained on 
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0.1 M H3PO4. The Ti-O- stretching at 2.0 M H2SO4 + 0.1 M H3PO4 was only obtained 

after the UV irradiation in the water and it was not as strong as in the 0.1 M H2SO4 

and 0.1 M H3PO4, however, it has obtained a strong Ti-OH functional group at the 

band 1000 cm-1. The advantage of the apatite formation and crystallization on the 

coating anodised in 2.0 M H2SO4 + 0.1 M H3PO4 can be related to the strong anatase 

crystalline, higher porous coating and thickness, higher hydrophilicity, Ti-OH 

functional group and acidic incorporated ions; S and P. From the above discussion, it 

can be concluded that the Ti-O- and Ti-OH functional groups, hydrophilicity and the 

S and P mixture ions incorporation can influence the apatite formation and 

crystallization. 

5.4.4 Absorption of the Apatite Formation on TiO2 in Anodised in Mixed 

Electrolyte 

Figure 5.41, Figure 5.42 and Figure 5.43 obtain the absorption analysis patterns of the 

coatings anodised in 0.1 M H2SO4 + 0.1 M H3PO4, 0.1 M H2SO4 + 2.0 M H3PO4 and 

2.0 M H2SO4 + 0.1 M H3PO4 respectively immersed in the SBF in the dark. While 

Figure 5.44, Figure 5.45 and Figure 5.46 obtain the absorption analysis of the coatings 

immersed under the UV irradiation. 

The phosphate stretching has increased with the increased incubation time in 

SBF in the dark and under the UV, and it was higher for the apatite precipitated under 

the UV than the apatite formed in the dark. The phosphate intensity can indicate the 

apatite density on the coating (Mary et al., 2016). The apatite density can be related to 

amount of the apatite formation as obtained in Figure 5.29 and Figure 5.30 according 

to the surface microstructure. This can be obtained on the higher apatite density with 

the increased incubation time. Also, the coatings incubated under the UV, where the 

higher phosphate stretching can indicate of the higher apatite density than the apatite 

formed in the dark. 

The coatings anodised in 0.1 M H2SO4 + 2.0 M H3PO4 have obtained no apatite 

after 6 days (Figure 5.29 (b)) and the lowest apatite formation after 12 days (Figure 

5.29 (d)) of incubation in the dark. However, it has obtained the same phosphate 

intensity after 6 days of incubation in the dark as obtained in Figure 5.42, with the 

corresponding pattern for the apatite formed on 0.1 M H2SO4 + 0.1 M H3PO4 



 

 

 

 

Figure 5.41: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 0.1 M H3PO4 electrolyte 

 

 

Figure 5.42: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 2.0 M H3PO4 electrolyte 
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Figure 5.43: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the dark for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

+ 0.1 M H3PO4 electrolyte 

 

 

Figure 5.44: Absorption analysis Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 0.1 M H3PO4 electrolyte 
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Figure 5.45: Absorption analysis Patterns for apatite precipitation in SBF for 6 and 

12 days under UV for coatings anodised at 150 V and 100 mA.cm-2 in 0.1 M H2SO4 

+ 2.0 M H3PO4 electrolyte 

 

 

Figure 5.46: Absorption analysis patterns for apatite precipitation in SBF for 6 and 

12 days in the UV for coatings anodised at 150 V and 100 mA.cm-2 in 2.0 M H2SO4 

+ 0.1 M H3PO4 electrolyte  
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(Figure 5.41). Also the same phosphate intensity after 12 days of incubation in the dark 

as obtained in 0.1 M H2SO4 + 2.0 M H3PO4 (Figure 5.42) with the corresponding 

pattern for the apatite formed on 0.1 M H2SO4 + 0.1 M H3PO4 (Figure 5.41) and on 

2.0 M H2SO4 + 0.1 M H3PO4 (Figure 5.43) This can be related to the detection of the 

higher intensity of the P ions that were incorporated into the coating (Park et al., 2009) 

as obtained in Figure 4.40. This can also be applied to the pattern that corresponds to 

the apatite formed under the UV as obtained in Figure 5.45. Where the high phosphate 

intensity that was obtained on the pattern for the apatite that was incubated for 6 days 

(Figure 5.45) obtained the same level with their corresponding in 2.0 M H2SO4 + 0.1 

M H3PO4 (Figure 5.46), although it has obtained lower apatite formation according to 

Figure 5.30 (b). 

The higher apatite density according to the higher phosphate stretching that 

was obtained in 2.0 M H2SO4 + 0.1 M H3PO4 after 6 days of incubation in the dark as 

seen in Figure 5.43 and under the UV Figure 5.46 do agree with the corresponding 

higher apatite formed according to the surface microstructure image in Figure 5.29 (c) 

and in Figure 5.30 (c). Also, do correspond with the crystalline apatite that was 

obtained in Figure 5.37 (b) and Figure 5.40 (b). The higher apatite density according 

to the higher phosphate stretching on the 2.0 M H2SO4 + 0.1 M H3PO4 can be related 

to the increased porosity and thickness on the coating surface as obtained in Figure 

4.38 (o), strong anatase crystalline (Figure 4.48), mixed ions incorporation (Figure 

4.40), higher hydrophilicity (Figure 4.56) and strong Ti-OH functional groups (Figure 

4.55). 

5.5 Summary 

TiO2 coatings anodised in different acidic electrolytes, i.e., H2SO4 electrolyte, H3PO4 

electrolyte and mixture electrolyte (H2SO4 + H3PO4) have undergone in vitro testing. 

The coatings have been incubated in SBF in the dark and under the UV for 6 and 12 

days. Afterward, the coatings have been characteristically examined, i.e., 

microstructure, mineralogy, elements and chemical absorption, to study the apatite 

formation on these coatings. Table 5.4 summarize the significant findings from these 

testings comparatively. 
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Table 5.4: In vitro results characterised comparatively between the TiO2 coatings in 

individuals and mixed electrolyte. 

Characterisation Apatite formed on 

H2SO4 electrloyte  

Apatite formed on H3PO4 

electrloyte 

Apatite formed on H2SO4 

+ H3PO4 

Microstructure  Increased apatite was 

formed with the 

increased incubation 

time and under UV and 

on the coatings 

anodised in lower 

molarity and it is 

believed is due to the 

strong Ti-O- functional 

groups. 

Increased apatite was 

formed with the 

increased incubation 

time and under UV and 

on the coatings anodised 

in lower molarity and it 

is believed is due to the 

strong Ti-O- functional 

groups. However, it 

wasn’t as strong as the 

apatite formed the 

coating anodised in 

H2SO4.electrloyte with 

lower molarity 

Increased apatite was 

formed with the 

increased incubation 

time and under UV and 

on the coatings anodised 

in an electrolyte with 

increased H2SO4 

concentration. It is 

believed is due to the 

strong Ti-OH functional 

groups. 

Elementary The Ca to P ratio was 

obtained higher for the 

apatite formed under 

UV with lower molarity 

has obtained calcium-

deficient HA. 

The Ca to P ratio was 

obtained higher for the 

apatite formed under UV 

with no HA ratio. 

The Ca to P ratio was 

obtained higher for the 

apatite formed under UV 

with no HA ratio. 

Mineralogy Apatite crystalline 

increased with the 

increased incubation 

time and under UV for 

the coatings anodised at 

lower molarity. 

Apatite crystalline 

increased with the 

increased incubation 

time and under UV for 

the coatings anodised at 

lower molarity. 

Apatite crystalline 

increased with the 

increased incubation 

time and under UV. 

Higher apatite crystalline 

was obtained on the 

coatings anodised in an 

electrolyte with 

increased H2SO4 

concentration. In the 

dark and under the UV. 

Absorption Increased apatite 

density with the 

increased time and UV. 

Increased density was 

obtained for the 

coatings anodised in 

lower molarity. 

Increased apatite density 

with the increased time 

and UV. Increased 

density was obtained for 

the coatings anodised in 

lower molarity. 

Increased apatite density 

with the increased time 

and UV. Increased 

density was obtained for 

the coatings anodised in 

an electrolyte with 

increased H2SO4 

concentration.  

In vitro findings Higher apatite was formed on the TiO2 coatings anodised in a single acid 

electrolyte with lower acidic build-in ions, lower porous microstructure and with 

stronger Ti-O- functional groups. Highest apatite was formed on the coatings 

anodised in mixed electrolyte that obtained strong Ti-OH groups, higher 

porosity and coating thickness and higher wettability and obtained mixed acidic 

ions build-in within the coating. In general, it was found that the Ti-O- and Ti-

OH functional groups, hydrophilicity and the S and P mixture ions incorporation 

can influence the apatite formation and crystallization. 



 

 

 

6 CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion 

It was found that the porosity increase with the increased anodization 

parameters, i.e., voltage, current density, and molarity. However, the voltage and 

molarity had the higher influence. The porosity took sponge-like shape pores on the 

TiO2 coatings anodised in the H2SO4 electrolyte. While it took volcano-like orifice 

shape on the coatings anodised in the H3PO4 electrolyte. The increased porosity can 

indicate the increased breakdown of the coatings surface and results in loss of 

interference colour. The TiO2 coatings anodised in H2SO4 electrolyte has obtained an 

increased breakdown when compared with the coatings anodised in the H3PO4 

electrolyte. Also, H2SO4 has promoted crystallisation, i.e., anatase and rutile, while the 

H3PO4 promoted amorphous structure due to the slower dissociation of H3PO4. The 

TiO2 coatings anodised at mixed electrolyte has obtained the highest coating thickness 

and higher surface hydrophilicty. 

According to the in vitro results, the UV irradiation has promoted higher apatite 

precipitation than the apatite incubated in the dark condition. Higher apatite was 

formed on the TiO2 coatings with higher Ti-O- functional groups. The UV has 

increased the photocatalysis properties of TiO2 and increased the Ti-O- and Ti-OH on 

the coating surface, and resulted in induction of higher apatite formation ability. The 

highest apatite formation ability was formed on the thickest coatings with the highest 

porosity, strong TiO2 anatase crystalline, highest hydrophilicity, obtain mixed acidic 

ions build-in within the coating and obtained Ti-OH functional groups. In general, it 

can be concluded that Ti-O- and Ti-OH functional groups, hydrophilicity and S and P 
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mixture ions incorporation can influence the apatite formation and crystallization. 

Section 6.1.1 and Section 6.1.2 list in details the findings for the TiO2 coatings 

characterisatrion and in vitro results respectively. 

6.1.1 Anodic Oxidation 

i. TiO2 coating microstructure: 

a. The porosity increased with the increased voltage, current density, and 

molarity. 

b. The breakdown can occur with the increased voltage and molarity. 

c. The increased porosity on the coatings is accompanied with the loss of the 

interference colour and resulted in a grey colour. 

d. The H2SO4 electrolyte has obtained higher porosity with smaller pore size 

and higher coating thickness, while H3PO4 electrolyte has obtained the 

lower porosity with larger pore size. 

e. The coatings anodised in mixed electrolyte has obtained thicker TiO2 

coatings than the coatings anodised in H2SO4 and H3PO4 electrolytes. 

ii. TiO2 coating mineralogy: 

a. The H2SO4 electrolyte promotes TiO2 coating crystallinity, while the 

H3PO4 electrolyte promotes amorphous structure. At mixed electrolyte, the 

addition of H3PO4 to H2SO4 was slower the TiO2 coating crystallization. 

b. The crystalline increase with the increased voltage, current density, and 

molarity. 

c. The breakdown voltage can increase the crystallinity at lower current 

density due to the prolonged voltage increase, which allows for TiO2 

coating recrystallisation. 

iii. TiO2 coating elements: 

a. Phosphate ions (P) intensity obtained higher into the TiO2 coatings 

compared to sulphur ions (S). 

b. The ions incorporation into the coatings has increased with the increased 

voltage. 

iv. TiO2 coating optical: 
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a. The coatings’ bandgap was fluctuating, where the anatase and rutile 

crystalline coatings have obtained higher bandgap values that the values 

of the intrinsic TiO2 crystalline. 

v. TiO2 coating absorption: 

a. Higher Ti-O- functional groups are promoted by the TiO2 coatings 

anodised in lower porous microstructure and lower acidic ions 

incorporation.  

b. Strong anatase crystalline promotes strong Ti-OH functional group. 

vi. TiO2 coating hydrophilicity: 

a. The coatings with P incorporated ions has obtained higher wettability than 

the S ioned coatings, also the coatings with mixed incorporated ions has 

obtained much higher wettability. 

b. The coating that obtained Ti-OH functional group, higher coating surface 

porosity and coating thickness, strong TiO2 anatase crystalline, mixed 

acidic ions incorporated within the coating and obtained the highest 

hydrophilicity.  

6.1.2 In Vitro Testing 

i. Apatite microstructure: 

a. Higher apatite was formed on the TiO2 coatings with lower porosity in the 

H2SO4 electrolyte and H3PO4 electrolyte, while in mixed electrolyte higher 

apatite was formed on the increased porous coating. 

b. Higher apatite was formed on the TiO2 coatings immersed in SBF under 

the UV than the coating immersed in SBF in the dark especially at earlier 

exposure time. 

c. The TiO2 coating crystallinity has no direct relation with the apatite 

formation growth. 

ii. Apatite elements: 

a. All the coatings have not obtained the bone-like apatite ratio of 1.65. 

iii. Apatite mineralogy: 

a. The TiO2 coating crystallinity has no direct relation with the apatite 

crystallization. 
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b. The UV irradiation has forced for early apatite crystallization. 

iv. Apatite absorption: 

a. Higher apatite density was obtained on the coatings formed by the UV 

irradiation. 

b. Ti-O- functional groups have contributed to the increased apatite formation 

and crystallization for H2SO4 electrolyte and H3PO4 electrolyte. While the 

coating that obtained Ti-OH functional groups, highest porosity and 

coating thickness, strong TiO2 anatase crystalline, S and P mixture ions 

incorporation within the coating and highest hydrophilicity has contributed 

to higher apatite formation and crystallization ability. In general, it was 

found that Ti-O- and Ti-OH functional groups, hydrophilicity and S and P 

mixture ions incorporation can influence the apatite formation and 

crystallization. 

6.2 Recommendations 

The following may suggest further investigations on the apatite formation 

improvement on the TiO2.coatings: 

i. A focused study on the effect of the acidic ions mixture (i.e. sulfur and 

phosphorus) that is incorporated into the TiO2 coating on the apatite formation 

in the SBF. 

ii. A study of the effect of the UV irradiation effect on the apatite formation under 

different SBF molarity (e.g. 1M and 2 M). 

iii. A focused study on the effect of the TiO2 anatase crystalline on the OH 

functional group. 

iv. A focused study on the effect of the UV irradiation on the OH functional 

group, and their effect on the apatite formation.
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APPENDIX A 

Digital Reflectance Colour Taken By Colormeter 

 

Digital interference colour of the coatings anodised in 0.1 M H2SO4 
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APPENDIX B 

Elemental Results Taken By Energy Dispersive X-Ray Spectroscopy (EDX) 

 

Digital interference colour of the coatings anodised in 0.1 M H2SO4 at 150 V and 

100 mA.cm-2 
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Digital interference colour of the apatite formed in the coating anodised in 0.1 M 

H2SO4 at 150 V and 100 mA.cm-2 in the dark for 6 days 

 
 

Digital interference colour of the apatite formed in the coating anodised in 0.1 M 

H2SO4 at 150 V and 100 mA.cm-2 in the dark for 12 days 
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APPENDIX C 

Thickness measurement by sample cross section using microstructure image 

 

Cross-section of the coatings anodised in 0.1 M H2SO4 at 150 V at 100 V and 60 

mA.cm-2 

 
 

Cross-section of the coatings anodised in 0.1 M H2SO4 at 150 V at 100 V and 100 

mA.cm-2 
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APPENDIX D 

Mineralogical Analysis Taken By X-Ray Diffraction (XRD) 

 

Mineralogical pattern of the TiO2 coating anodised in 0.1 M H2SO4 at 150 V and 100 

mA.cm-2 

 
 

Mineralogical pattern of the TiO2 coating anodised in 2.0 M H2SO4 at 150 V and 100 

mA.cm-2 
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APPENDIX E 

Hydrophilicity Taken By Water Contact Angle (WCA) Tester 

 

Hydrophilicity test of the coating anodised in 0.1 M H2SO4 at 150 V and 100  

mA.cm-2 

 
 

Hydrophilicity test of the coating anodised in 2.0 M H2SO4 at 150 V and 100  

mA.cm-2 
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APPENDIX F 

Pore Size Measurement Using Image J 

 

Porosity measurement of the TiO2 coating anodised in 2.0 M H2SO4 at 180 V and 

100 mA.cm-2 

 
 

Porosity measurement of the TiO2 coating anodised in 2.0 M H3PO4 at 180 V and 

100 mA.cm-2 
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