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Abstract

The TiO
2
/hydroxyapatite (HAp) composite has attracted much attention as a photocatalyst 

for pollution treatment in water or air because this composite can improve the properties 
of pure TiO

2
 including a low efficiency, narrow light response range, low adsorption 

capacity for hydrophobic contaminants, and difficult recovery of TiO
2
 particles after using 

in Aquarius environment. To obtain the best composite containing the two components 
including TiO

2
 and HAp, the role of HAp in TiO

2
/hydroxyapatite photocatalytic material 

should be analyzed and evaluated. This chapter will significantly present a review of the 
role of HAp in the TiO

2
/hydroxyapatite composite including the adsorption ability of 

contaminations and the promoted impacts of HAp component.

Keywords: hydroxyapatite, TiO
2
, photocatalytic, absorption, bandgap

1. Introduction

Hydroxyapatite (HAp, Ca
10

(PO
4
)

6
(OH)

2
) is one of the most usual forms of calcium phosphate 

and has the similar chemical composition to the mineral phase of bone tissues. Thus, HAp 
has attracted the interest of the scientific community in the medicine field, material science, 
and tissue engineering areas in many years. However, due to the special characteristics of 
this material, HAp is also studied for various applications including fluorescent lamps, fuel 
cells, and adsorption of harmful metals, as well as catalysts [1]. TiO

2
 material was concerned 

almost 48 years ago. For the first time in 1969, the possibility of solar photoelectrolysis of TiO
2
 

was demonstrated; the powdered TiO
2
 was studied in the 1980s and TiO

2
 film photocatalysis 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



in the 1990s [2]. TiO
2
 photocatalysis (in particles or films) has gained much attention because 

the material has high stability, low cost, and nontoxicity and can be easily fabricated by 
many processes including precipitation, hydrothermal, sol-gel, plasma, etc. The research on 

TiO
2
/hydroxyapatite photocatalytic materials may derive from researches on TiO

2
/hydroxy-

apatite composites in medical industry. To achieve biocompatibility, osteoconduction, and 
osseointegration, the surface of titanium or its alloy, which is used as a permanent implant 
material, must be modified by developing hydroxyapatite (HAp, Ca

10
(PO

4
)

6
(OH)

2
) coating 

on the surface [3–9]. By inserting TiO
2
 inner layer between HAp coating and Ti substrate, the 

adhesion strength of the coating and the substrate increases [10]. The addition of TiO
2
 inner 

layer is expected to reduce a thermal expansion mismatch of the layers, to improve the bond-
ing strength between the HAp layer and Ti substrate, to prevent the corrosion of the Ti sub-
strate, as well as to obtain an abundance of surface hydroxyl and superoxide radical groups, 
sequentially, to achieve a surface free of cracks and a high adhesion of the modified surface 
to the substrate [7, 11–13]. The reactions of photocatalysis occur on the surface of TiO

2
; thus, 

both the surface properties and the mass transfer of the pollutant and degraded products onto 
the substrate affect to its photocatalytic activity. HAp, which is known as a material having 
a large surface area and high adsorption ability, may play the role of a transparent or semi-
transparent to allow UV and visible radiation to pass through it. In fact, there are numerous 
materials having larger surface area and higher adsorption ability such as silica gel, zeolite, 
activated carbon, etc. However, besides these general properties, HAp material was investi-
gated as a support for photocatalysis due to the generation of active superoxide anion radicals 
(O

2
˙−) under UV irradiation [14]; thus, the TiO

2
/HAp photocatalysts have gained the interest 

of many scientists. In this chapter, the role of hydroxyapatite in TiO
2
/HAp photocatalytic 

materials will be analyzed and evaluated to supply a clear view of the composites.

2. Hydroxyapatite plays the role of adsorption material in the 

photocatalytic TiO
2
/HAp composites

Adsorption of biological, organic-chemical molecules on the HAp surface is generally influ-
enced by its physicochemical properties including crystallite size, pore structure, morphology 
of particles, or coatings [15] which directly depend on the synthesis methods. The synthesis 
methods of HAp particles include solid-state reaction; sol-gel, plasma, and hydrothermal 
technique; layer hydrolysis of other calcium phosphate salts; etc. [16–18], while those of HAp 
coating include sol-gel, chemical vapor deposition, pulsed laser deposition, RF magnetron 
sputtering, spray pyrolysis, etc. [7, 19, 20]. The choice of a specific method depends on the 
purpose of research which is synthesis, characteristics, or application of pure HAp or those of 
TiO

2
/HAp composites.

The adsorption property of HAp in the photocatalytic TiO
2
/HAp composites has been 

reported in many researches. Nonami et al. [21] soaked TiO
2
 powder in a simulated physi-

ological solution containing phosphate ions for periods of about 1 h at 37°C. The apatite film 
with a thickness of approximately 0.7 μm has formed on the approximately 0.3 μm thick TiO

2
 

layer. The crystals have a plate-like shape, measuring approximately 0.1–0.5 μm in length and 
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2–10 nm in thickness. This composite material may adsorb contaminants without exposure to 
light, and the contaminants are decomposed by TiO

2
 photocatalyst on exposure to light. As a 

result, the photocatalytic TiO
2
/HAp composites can be used to pure the air or play the role of 

the antimicrobial and antifungal coating with HAp absorber.

Other literatures show that the photocatalytic TiO
2
/HAp materials not only absorb organic 

contaminants such as viruses, bacteria, etc. but also decompose these compounds by the 
photocatalytic process. Hirakura et al. [22] presented that lysozyme (LSZ) and bovine serum 
albumin (BSA) can be monomolecularly absorbed on HAp by using two types of fibrous crys-
tals elongated in the c-axis. HAp-nanostructured crystals doping TiO

2
 anatase can selectively 

remove of the specific proteins by the absorbing and decomposing under UV irradiation. 
Thus, the photocatalytic activity for the decomposition of proteins could be controlled with 
the adsorption on the surface of the nanostructured HAp crystals. The adsorption of BSA 
on TiO

2
/HAp composite was also presented in the publication of Katayama et al. [23]. The 

research explained that the adsorption of the acidic protein BSA occurred at Ca2+ sites of 

the HAp component which contained a large number of pores supporting to the physical 
adsorption.

Ryu et al. [24] fabricated the TiO
2
-β-TCP nanocomposite photocatalytic thin films by aerosol 

deposition. The aerosol-deposition films almost fully covered the substrate (glass) and are not 
porous but extremely rough microstructure. The deposited films maintained good adhesion 
with the substrate, and the film’s pencil hardness was over 9H. The aerosol-deposition TiO

2
-

40 wt% β-TCP composite film has two different phases distinctly: white regions of β-TCP and 
dark regions of TiO

2
, 5–50 nm-sized TiO

2
 nanocrystallites with nanoscaled β-TCP crystallites 

formed by the collision of the accelerated particles with high kinetic energy during deposi-
tion. The films consisting of nano-sized TiO

2
 photocatalytic crystallites with a dispersion of 

β-TCP adsorbent crystalline phase show the high photocatalytic activity under both UV and 
dark conditions due to adsorption effect of β-TCP.

The adsorption role of the HAp layer in Ag-TiO
2
/HAp/Al

2
O

3
 bioceramic composite membrane 

was also evaluated in the report of Ma et al. [25]. This composite membrane, which was fab-
ricated by a facile two-step approach, involves sol–gel process and calcination was a micro-
porous membrane structure with average 0.8 m pore size, which comprised of Ag-TiO

2
/HAp 

composite layer with a thickness of 10 m overlaid on α-Al
2
O

3
 disk support. HAp component 

acted as a highly efficient bacterial adsorbent, while Ag-TiO
2
 provided powerful photocata-

lytic attack toward E. coli strains.

Xie et al. [26] fabricated TiO
2
/HAp composite with mosaic structure via a facile route without 

any structure-directing agent. The result proved the increased photocatalytic activity of the 
composite results from the combination of adsorption capacity of HAp and the high photo-
catalytic activity of TiO

2
.

Other reports also concerned to the adsorption properties of HAp in the HAp/TiO
2
 compos-

ites, especially in atmospheric environment [27–29]. Komazaki et al. [27] collected NO(x) by 
an annular diffusion scrubber coated with a mixture of TiO

2
 and HAp. The research shows 

that HAp plays the role of adsorption material, while TiO
2
 produces reactive oxygen species 
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under ultraviolet light (UV) illumination such as super oxide (O
2
−), hydroxyl radical (OH°), 

and peroxyhydroxyl radical (HO
2
°), by which nitric oxide is oxidized to nitrogen dioxide and 

is further oxidized to nitric acid.

Ozeki et al. [28] fabricated TiO
2
/HAp thin film by sputtering on glass using a radio-frequency 

magnetron. The film has a higher decomposition rate of formaldehyde gas than either the 
TiO

2
 or the HAp film alone. However, in the bacterial survival test, survival of cells on the 

TiO
2
/HAp thin film is higher than that on the TiO

2
 film, which indicates that the TiO

2
/HAp 

thin film has a lower bactericidal effect than the pure TiO
2
 film.

Liu et al. [29] synthesized HAp-modified N-TiO
2
 by a facile wet-chemical method and evalu-

ated its photocatalytic activity by the decomposition of gaseous acetone under visible-light 
irradiation. The results demonstrated that 10%-HAp-N-TiO

2
 sample shows the best photo-

catalytic activity and the remarkable photocatalytic activity may arise from the synergism 
between adsorption on HAp and photoactivity by TiO

2
 which generated oxygen-reactive spe-

cies diffusing and reacting with the molecules located on the HAp.

Masato Wakamura et al. have many publications on the field [30–32]. The authors evaluated 
the adsorption behaviors of proteins onto photocatalytic Ti4+-doped calcium hydroxyapatite 
(TiHAp) particles which was synthesized by the coprecipitation method using Ca(NO

3
)

2
, 

Ti(SO
4
)

2
, H

3
PO

4
, and NH

4
OH original materials [31]. The result showed that all the adsorp-

tion isotherms of bovine serum albumin (BSA), myoglobin (MGB), and lysozyme (LSZ) from 
1 × 10−4 mol/dm3 KCl solution were Langmuir type. Generally, the saturated amounts of 
adsorbed protein value on the TiHAp were much higher than CaHAp.

3. The promoted impact of hydroxyapatite in the photocatalytic 

TiO
2
/HAp composites

Beside the role as an adsorption material in the photocatalytic TiO
2
/HAp composites, some 

recent researches have investigated that hydroxyapatite promotes photocatalytic degradation 
because it can play the role of a support for photocatalysts. The activity of HAp is caused by 
the generation of active superoxide anion radicals (O

2
˙

−) due to a change in the electronic state 
of the surface PO

4
3− group under UV irradiation [14].

Hu et al. [33] proved the promotion role of HAp to TiO
2
 in photocatalytic degradation by using 

experimental observations and kinetic modeling. The derived kinetic parameters including 
reaction rate constant, Langmuir adsorption constant, apparent activation energy, etc. con-
firm that the activity of TiO

2
/HAp composite is more effective than that of TiO

2
. A negative 

effect of HAp on the photo absorption ability of the TiO
2
/HAp composite is characterized by 

UV-vis reflectance spectra. The existence of superior chemisorption between HAp and the 
organic molecules leads to a better performance of TiO

2
/HAp for photocatalytic degradation.

Mohamed et al. [34] determined photocatalytic activities of Pd-TiO
2
-hydroxyapatite nanopar-

ticles, which are synthesized by a template-ultrasonic-assisted method, by photocatalytic 
removal of cyanide under visible-light irradiation (Scheme 1). Scheme 1 shows that the 
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vacancies formed on the surface of the excited PO
4

3− group in visible illumination will lead to 
the formation of O

2
˙

− and will attack the surrounding organic molecules adsorbed on HAp.

The research [34] investigated that the amount of hydroxyl radials formed in the Pd-TiO
2
-

hydroxyapatite nanoparticle was higher than those of Pd-TiO
2
 and TiO

2
 nanoparticles. The 

absorption of radiation in the visible-light region, the small recombination rate of the electron-
hole pair, as well as the high surface area of HAp material are the promoted impacts of hydroxy-
apatite in the photocatalytic TiO

2
/HAp composites.

The recombination rate of the electron-hole pair is also concerned in another publication [35]. 
Zhang et al. [35] demonstrated the increased photocatalytic performance of TiO

2
 nanopar-

ticles which was supported on electrically polarized HAp films. The separation of photogen-
erated electrons and holes in TiO

2
 nanoparticles is promoted by the internal polarization of 

the HAp support, and consequently, the recombination of charge carriers is mitigated. It can 
be concluded that the materials with large internal polarization can be used in strategies for 
enhancing quantum efficiency of photocatalysts.

The surface area of HAp material was concerned in the research of Kobayashi et al. [36]. The 
TiO

2
/HAp photocatalytic coating was deposited by gas tunnel-type plasma spraying using 

powders with nano-sized grains. The photocatalytic reaction occurs on powder surface; as 
the grain size becomes smaller, the specific surface area becomes larger, and the degradation 
efficiency of organic pollutants also increases.

The promoted impact of hydroxyapatite in the photocatalytic TiO
2
/HAp composites was pre-

sented in the report of Liu et al. [37]. The photocatalytic activities of Ag-TiO
2
-HAp powders 

synthesized by a facile wet-chemical strategy were evaluated by photocatalytic oxidation 
decomposition of acetone in air under visible-light illumination. The high photocatalytic activity 

Scheme 1. Photocatalytic mechanism of cyanide degradation by Pd-TiO
2
-HAp [34].
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of the Ag-TiO
2
-HAP hybrids could be attributed to its strong absorption in the visible-light 

region, low recombination rate of the electron-hole pair, and large BET-specific surface area.

Aramendia et al. [38] studied on the TiO
2
/natural phosphate material synthesized by sol-gel 

process and tested the photocatalytic activity in the photo-oxidation process of propan-2-ol. 
The results show that the presence of natural phosphate makes a retardation of TiO

2
 crystal-

lization and creates a certain interaction with titanium.

Nishikawa et al. [39] indicated that the difference in photocatalytic activity of the materials 
containing HAp and without HAp may be originated from the properties of the electronic 
state that forms the valence band of HAp-containing PO

4
 group.

Li et al. [40] synthesized Ti-substituted hydroxyapatite (TiHAp) by the coprecipitation 
method. The adsorption and photocatalytic degradation of bisphenol A (BPA, an environ-
mental endocrine disrupting chemical) over TiHAp and P25 TiO

2
 photocatalysts were studied 

using liquid chromatography-mass spectrometry. The results indicated that the adsorption 
of BPA on TiHAp and TiO

2
 obeyed the Langmuir adsorption equation, and the adsorption 

capacity and photocatalytic degradation activity of BPA of TiHAp material were much higher 
than those of TiO

2
. To explain for the results, the authors presented that the zeta potentials of 

TiHAp, and TiO
2
 did not show significant difference when the pH was about seven, suggest-

ing that the surface charge was not the reason for the different adsorption capacities of the 
particles. In addition, the specific surface area and average pore diameter of TiHAp and TiO

2
 

were comparable, so these would not lead to the different adsorption capacities either. In fact, 
TiHAp material is produced from a substitution of some Ca sites in HAp by Ti, which resulted 
in multiple Ti-OH groups on the TiHAp surface. Large amounts of phosphates and hydroxyls 
in the crystal lattice of TiHAp can adsorb the hydroxyls of BPA by hydrogen bonding.

The bandgap of TiO
2
/HAp materials were mentioned in some publications because it 

decides the energy separation between valence and conduction bands, the quantum effect, 
as well as the effect of visible-light utilization, etc. The bandgap of HAp was reported in [41] 

to be 3.95 eV by photoluminescence measurement; meanwhile, in other reports, the band-
gap of HAp was calculated to be around 4.51–5.4 eV [42, 43]. The bandgap of TiO

2
/HAp 

composites calculated by UV-vis diffuse reflectance spectra was between 3.06 and 3.08 eV 
while that of pure TiO

2
 was broader (3.12 eV) [44]. However, the bandgap of Ti-substituted 

hydroxyapatite evaluated by both experimental and theoretical methods was 3.65 eV [45]. 
Masato Wakamura et al. determined the effect of Ti substitution in HAp synthesized by the 
coprecipitation method on the bandgap which was compared with that of a typical ana-
tase-TiO

2
 photocatalytic powder. The experimentally obtained optical bandgap energies of 

TiHAp, HAp, and TiO
2
 powder measured by diffuse reflectance spectroscopy were 3.65, 

>6, and 3.27 eV, respectively. The authors explained the increase of bandgap in TiHAp due 
to hybridizing of Ti 3d orbital with O 2p orbital and forming an internal state in the HAp 
bandgap, consequently, causing the absorption-edge lowering of TiHAp. Researching on 
the acetaldehyde gas decomposition of TiHAp by UV with VIS irradiation, the authors 
investigated the increase of activity comparing with when UV irradiation alone was used. 
Linh et al. [46] also indicated the shift of bandgap of TiO

2
/HAp material synthesized by 

the hydrothermal process containing TiO(OH)
2
 and HAp gels. The binding energy values 

of Ca 2p, P 2p, and O1s levels are related to hydroxyapatite phase, whereas those of Ti 2p 
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levels corresponded with the characterization of titanium (IV) in TiO
2
. The experimental 

bandgap of TiO
2
/HAp material calculated by the DRS measurement was 3.6 eV, while those 

of pure HAp and TiO
2
 were 5.3 and 3.2 eV, respectively. The shifts may relate oxidation 

states of titanium in the annealing process of TiO(OH)
2
/HAp gel. The increase of bandgap 

may affect the absorption ability of radiation in the visible-light region; consequently, in 
some cases, it is a demoted impact which reduces the photocatalytic activity of TiO

2
/HAp 

composites.

4. Conclusion

In the photocatalytic TiO
2
/HAp composites, HAp plays the role of an adsorption of contami-

nations which is generally influenced by the physicochemical properties of HAp material. On 
the other hand, the promoted impacts of hydroxyapatite in the composites are experimentally 
collected in the specific cases including the absorption of radiation in the visible-light region, 
the small recombination rate of the electron-hole pair, and the high surface area of HAp com-
ponent. However, the role of HAp in TiO

2
/hydroxyapatite photocatalytic materials has been 

continuously researched and evaluated to obtain the best composite in the photocatalytic 
field, as well as in other applications.

Acknowledgements

This work is supported by Basic Science Research Programs (No. 2015R1D1A1A01056983) 
through the NRF, Korea, funded by the Ministry of Education and (No. 2018R1A2B6002194) 
by the Ministry of Science and ICT.

Author details

Linh Nguyen Thi Truc1*, Seungbum Hong2 and Kwangsoo No2

*Address all correspondence to: linhntt@hcmup.edu.vn

1 Department of Chemistry, Ho Chi Minh City University of Education, Ho Chi Minh City, 
Vietnam

2 Department of Materials Science and Engineering, Korea Advanced Institute of Science 
and Technology, Daejeon, South Korea

References

[1] Fihri A, Len C, Varma RS, Solhy A. Hydroxyapatite: A review of syntheses, structure 
and applications in heterogeneous catalysis. Coordination Chemistry Reviews. 2017; 
347:48-76

Evaluation of the Role of Hydroxyapatite in TiO2/Hydroxyapatite Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.81092

121



[2] Hashimoto K. TiO
2
 Photocatalysis: A historical overview and future prospects. Japanese 

Journal of Applied Physics. 2005;44(12):8269-8285

[3] Sandrini E, Giordano C, Busini V, Signorelli E, Cigada A. Apatite formation and cel-
lular response of a novel bioactive titanium. Journal of Materials Science Materials in 
Medicine. 2007;18:1225-1237

[4] Yu P, Lu F, Zhu W, Wang D, Zhu X, Tan G, et al. Bio-inspired citrate functionalized 
apatite coating on rapid prototyped titanium scaffold. Applied Surface Science. 2014; 
313:947-953

[5] Aparicio C, Rodriguez D, Gil FJ. Variation of roughness and adhesion strength of depos-
ited apatite layers on titanium dental implants. Materials Science and Engineering: C. 
2011;31:320-324

[6] Chen D, Jordan EH, Gell M, Wei M. Apatite formation on alkaline-treated dense TiO
2
 coat-

ings deposited using the solution precursor plasma spray process. Acta Biomaterialia. 
2008;4:553-559

[7] Kim H-W, Koh Y-H, Li L-H, Lee S, Kim H-E. Hydroxyapatite coating on titanium substrate 
with titania buffer layer processed by sol-gel method. Biomaterials. 2004;25:2533-2538

[8] Balamurugan A, Balossier G, Michel J, Ferreira JMF. Electrochemical and structural eval-
uation of functionally graded bioglass-apatite composites electrophoretically deposited 
onto Ti

6
Al

4
V alloy. Electrochimica Acta. 2009;54:1192-1198

[9] Chellappa M, Vijayalakshmi U. Electrophoretic deposition of silica and its composite 
coatings on Ti

6
Al

4
V, and its in vitro corrosion behaviour for biomedical applications. 

Materials Science & Engineering C-Materials for Biological Applications. 2017. Feb 1;71: 
879-890

[10] Ievlev VM, Domashevskaya EP, Putlyaev VI, Tret’yakov YD, Barinov SM, Belonogov EK, 
et al. Structure, elemental composition, and mechanical properties of films prepared by 
radio-frequency magnetron sputtering of hydroxyapatite. Glass Physics and Chemistry. 
2008;34(5):608-616

[11] Takemoto S, Yamamoto T, Tsuru K, Hayakawa S, Osaka A, Takashima S. Platelet adhe-
sion on titanium oxide gels: Effect of surface oxidation. Biomaterials. 2004;25:3485-3492

[12] Tengvall P, Wälivaara B, Westerling J, Lundström I. Stable titanium superoxide radicals 
in aqueous Ti-peroxy gels and Ti-peroxide solutions. Journal of Colloid and Interface 
Science. 1991;143:589-592

[13] Unosson E et al. Stability and prospect of UV/H
2
O

2
 activated titania films for biomedical 

use. Applied Surface Science. 2013;285(Part B):317-323

[14] Reddy MP, Venugopal A, Subrahmanyam M. Hydroxyapatite photocatalytic degradation 
of calmagite (an azo dye) in aqueous suspension. Applied Catalysis B: Environmental. 
2007;69(3-4):164-170

[15] Kawasaki T, Ikeda K, Takahashi S, Kuboki Y. Further study of hydroxyapatite high-
performance liquid chromatography using both proteins and nucleic acids, and a new 

Photocatalysts - Applications and Attributes122



technique to increase chromatographic efficiency. European  Journal of Biochemistry. 
1986;155:249

[16] Tanahashi M, Kamiya K, Suzuki T, Nasu H. Fibrous hydroxyapatite grown in the gel 
system: Effects of pH of the solution on the growth rate and morphology. Journal of 
Materials Science Materials in Medicine. 1992;3:48-53

[17] Yamasaki N, Kai T, Nishioka M, Yanagisawa K, Ioku K. Porous hydroxyapatite ceramics 
prepared by hydrothermal hotpressing. Journal of Materials Science. 1990;9:1150-1151

[18] Paschalis EP, Zhao Q, Tucker BE, Mukhopahayay S, Bearcroft JA, Beals NB, et al. Degra-
dation potential of plasma-sprayed hydroxyapatite-coated titanium implants. Journal of 
Biomedical Materials Research. 1995;29:1499-1505

[19] Zhitomirsky I et al. Electrophoretic deposition of hydroxyapatite. Journal of Materials 
Science. 1997;8:213-219

[20] Xu S, Long J, et al. RF plasma sputtering deposition of hydroxyapatite bioceramics: 
Synthesis, performance, and biocompatibility. Plasma Process and Polymer. 2005;2: 
373-390

[21] Nonami T, Hase H, Funakoshi K. Apatite-coated titanium dioxide photocatalyst for air 
purification. Catalysis Today. 2004;96:113-118

[22] Hirakura S, Kobayashi T, Ono S, Oaki Y, Imai H. Fibrous nanocrystals of hydroxyapatite 
loaded with TiO

2
 nanoparticles for the capture and photocatalytic decomposition of spe-

cific proteins. Colloids and Surfaces B: Biointerfaces. 2010;79:131-135

[23] Katayama M, Tamazawa K, Kodaira A, Nonami T. Evaluation of protein adsorption 
capacity of TiO

2
-supported spherical porous hydroxyapatite. Key Engineering Materials. 

ISSN: 1662-9795

[24] Ryu J, Kim K-Y, Hahn B-D, Choi J-J, Yoon W-H, Lee B-K, et al. Photocatalytic nano-
composit thin films of TiO

2
-β-calcium phosphate by aerosol-deposition. Catalysis 

Communications. 2009;10:596-599

[25] Ma N, Fan X, Quan X, Zhang Y. Ag–TiO
2
/HAp/Al

2
O

3
 bioceramic composite membrane: 

Fabrication, characterization and bactericidal activity. Journal of Membrane Science. 
2009;336:109-117

[26] Xie J, Meng X, Zhou Z, Li P, Yao L, Bian L, et al. Preparation of titania/hydroxyapatite 
(TiO

2
/HAp) composite photocatalyst with mosaic structure for degradation of penta-

chlorophenol. Materials Letters. 2013;110:57-60

[27] Komazaki Y, Shimizu H, Tanaka S. A new measurement method for nitrogen oxides in 
the air using an annular diffusion scrubber coated with titanium dioxide. Atmospheric 
Environment. 1999;33:4363-4371

[28] Ozeki K, Janurudin JM, Aoki H, Fukui Y. Photocatalytic hydroxyapatite/titanium diox-
ide multilayer thin film deposited onto glass using an rf magnetron sputtering tech-
nique. Applied Surface Science. 2007;253(7):3397-3401

Evaluation of the Role of Hydroxyapatite in TiO2/Hydroxyapatite Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.81092

123



[29] Liu Y, Yang Q, Wei JH, Xiong R, Pan CX, Shi J. Synthesis and photocatalytic activity of 
hydroxyapatite modified nitrogen-doped TiO

2
. Materials Chemistry and Physics. 2011; 

129:654-659

[30] Kandoria K, Oketania M, Wakamura M. Decomposition of proteins by photocatalytic 
Ti(IV)-doped calcium hydroxyapatite particles. Colloids and Surfaces B: Biointerfaces. 
2013;102:908-914

[31] Kandori K, Kuroda T, Wakamura M. Protein adsorption behaviors onto photocatalytic Ti(IV)-
doped calcium hydroxyapatite particles. Colloids and Surfaces B: Biointerfaces. 2011;87: 
472-479

[32] Kandori K, Oketani M, Sakita Y, Wakamura M. FTIR studies on photocatalytic activ-
ity of Ti(IV)-doped calcium hydroxyapatite particles. Journal of Molecular Catalysis A: 
Chemical. 2012;360:54-60

[33] Hu M, Yao Z, Liu X, Ma L, He Z, Wang X. Enhancement mechanism of hydroxyapa-
tite for photocatalytic degradation of gaseous formaldehyde over TiO

2
/hydroxyapatite. 

Journal of the Taiwan Institute of Chemical Engineers. 2018;85:91-97

[34] Mohamed RM, Baeissa ES. Preparation and characterisation of Pd–TiO
2
–hydroxyapatite 

nanoparticles for the photocatalytic degradation of cyanide under visible light. Applied 
Catalysis A: General. 2013;464-465:218-224

[35] Zhang X, Yates MZ. Enhanced photocatalytic activity of TiO
2
 nanoparticles supported 

on electrically polarized hydroxyapatite. ACS Applied Materials & Interfaces. 2018; 
10(20):17232-17239

[36] Kobayashi A, Jiang W. Properties of titania/hydroxyapatite nanostructured coating pro-
duced by gas tunnel type plasma spraying. Vacuum. 2009;83:86-91

[37] Liu Y, Liu CY, Wei JH. Enhanced adsorption and visible-light-induced photocatalytic 
activity of hydroxyapatite modified Ag-TiO

2
 powders. Applied Surface Science. 2010; 

256(21):6390-6394

[38] Aramendia MA, Hidalgo-Carrillo J, Sebti J. A study on the potential application of 
natural phosphate in photocatalytic processes. Journal of Colloid and Interface Science. 
2010;344(2):475-481

[39] Nishikawa M, Yang W, Nosaka Y. Grafting effects of Cu2+ on the photocatalytic activ-
ity of titanium-substituted hydroxyapatite. Journal of Molecular Catalysis A: Chemical. 
2013;378:314-318

[40] Li Q, Feng X, Zhang X, Song H, Zhang J, Shang J, et al. Photocatalytic degradation of 
bisphenolusing Ti-substituted hydroxyapatite. Chinese Journal of Catalysis. 2014; 
35:90-98

[41] Rosenman G, Aronov D, Oster L, et al. Photoluminescence and surface photovoltage 
spectroscopy studies of hydroxyapatite nano-bio-ceramics. Journal of Luminescence. 
2007;122-123(1-2):936-938

Photocatalysts - Applications and Attributes124



[42] Rulis P, Ouyang L, Ching WY. Electronic structure and bonding in calcium apatite crys-
tals: Hydroxyapatite, fluorapatite, chlorapatite, and bromapatite. Physical Review B—
Condensed Matter and Materials Physics. 2004;70(15):155104

[43] Matsunaga K, Kuwabara A. First-principles study of vacancy formation in hydroxyapa-
tite. Physical Review B. 2007;75. Article ID 014102:1-9

[44] Mitsionis A, Vaimakis T, Trapalis C, Todorova N, Bahnemann D, Dillert R. Hydroxyapatite/
titanium dioxide nanocomposites for controlled photocatalytic NO oxidation. Applied 
Catalysis B: Environmental. 2011;106(3-4):398-404

[45] Tsukada M, Wakamura M, Yoshida N, Watanabe T. Band gap and photocatalytic prop-
erties of Ti-substituted hydroxyapatite: Comparison with anatase-TiO

2
. Journal of 

Molecular Catalysis A: Chemical. 2011;338:18-23

[46] Linh NTT, Tuan PD, Dzung NV. The shifts of band gap and binding energies of titania/
hydroxyapatite material. Journal of Composites. 2014. Article ID 283034;2014:5

Evaluation of the Role of Hydroxyapatite in TiO2/Hydroxyapatite Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.81092

125




