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1. Introduction

 Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is well-known for its important role in the 
body of the vertebrate, including human beings. HAp amounts 70% of bones and human teeth 
also mainly consist of nano HAp rods [1,2]. HAp makes them more stable and harder so that 
they can function. Thus, it is not surprising that HAp is a widely-used biomaterial with great 
biocompatibility. Besides the biological applications [3,4], HAp can also serve as a long-term 
assurance material for radioactive waste [5], fluorescent lamps [6], gas sensors [7], adsorbents 
for heavy metals [8] and catalysis [9]. All of its diverse applications are contributed to its 
variability of properties, which is closely linked to its unique structure. In this chapter, we are 
focusing on the applications of HAp in the field of environmental monitoring and treatment, 
including: gas sensors for detection of heavy metals, adsorbents for treatment of waste water 
and contaminated soil, and photocatalyst for degrading of organic pollution.

2. Introduction of HAp

2.1 Structure of HAp crystal

 There are various kinds of calcium phosphate (CaP) salts in nature and HAp is one of 
the most usual and thermodynamically stable phases of CaP salts. The crystal information of 
HAp is shown in Table 1. Each unit cell of stoichiometric HAp contains 10 Ca2+, 6 PO4

3- and 
2 OH-, among which OH- ions are at 4 corners of the unit cell, 10 Ca2+ ions belong to two 
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different subsets Ca (1) and Ca (2). 4 Ca2+ ions occupy Ca (1) positions: two at z = 0, two at z 
= 1/2, which are at the center of the Ca-O octahedron consist of 6 O atoms. Other 6 Ca2+ ions 
occupy Ca (2) positions: three at z = 1/4 and three at z = 3/4, which are at the coordination 
center of three O atoms. 6 PO4

3- tetrahedra are in a helical arrangement from levels z = 1/4 to 
z = 3/4. These PO4

3- tetrahedra form the crystalline network of HAp and gives HAp structure 
its stability [10,11]. The structure information of HAp is shown in Figure 1.

Table 1: The crystal information of HAp [12,13]

Items Information

Chemical name Hydroxyapatite

Chemical formula Ca10(PO4)6(OH)2

Ca/P ratio 1.67

Crystal system Hexagonal

Space group P63/m

Lattice parameters a = b = 9.418 Å, c = 6.881 Å, β = 120°

Figure 1(a): Projection of the unit cell of HAp according to plane (001); (b) projection showing the arrangement of 
octahedrons [Ca(1)O6] in the HAp structure; (c) projection showing the sequence of octahedral [Ca(1)O6] and tetrahedral 
[PO4] in the HAp structure; and (d) projection showing the sequence of octahedral: [Ca(1)O6] and [Ca(2)O6] (green 
polyhedral), and also tetrahedral [PO4] in the HAp structure [10].

 When OH- is at the side surface of the crystalline of HAp, OH- is connected with 2 Ca 
(2) ions, this OH- position must be vacant at least at a certain point in aqueous solution. The 
position of this OH- can absorb PO4

3-, phosphate groups of macromolecules or carboxyl groups 
since these 2 Ca (2) are positively charged. When Ca (1) is paralleled to the cross-section of 
HAp monocrystal, Ca (1) is connected with 6 negatively charged O atoms, in the meantime Ca 
(2) is connected with 3 negatively charged O atoms. In aqueous solution, the positions of Ca 
(1) are strong adsorption sites which can adsorb cations like Sr2+, K+ and groups of a protein 
molecules. In contrast, the positions of Ca (2) are weak adsorption sites. When PO4

3- is on the 
surface of crystal, H2O will bound to PO4

3- by hydrogen bond.
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2.2 Properties of HAp

 The structure of HAp determines its properties. The theoretical density of HAp is 3.156 
g/cm3; the refractive index is 1.64~1.65; Moh's hardness is 5. HAp is only slightly soluble 
in water shows alkalescent (pH=7~9). At physiological pH (7.2-7.4), HAp is the most stable 
of all calcium orthophosphates [14]. HAp dissolves in acid but not dissolves in alkali.

2.3 Preparation methods of HAp

 By varying the synthesis methods, HAp with different morphologies and properties 
can be obtained, which leads to different kinds of applications and performances. Synthetic 
pathways of HAp have attracted wide interest in academic research and industrial field. Over the 
past decades, numerous synthesis methods have been reported to prepare HAp nanoparticles. 
Generally speaking, dry methods and wet methods are the most often used synthesis methods. 
Each method has many process parameters, and the varying rage of conditions leads to many 
submethods. Several review articles about HAp preparation methods have been published 
[10,15,16]. Here just give a brief introduction to some mainly used methods. 

 As the name indicates, dry route of synthesis means there is no solvent in the reaction. 
Usually, the reactants are powders like CaHPO4 and CaO, and these precursors are initially 
mixed and milled and then calcined at a very high temperature (around 1000 ℃) for quite 
a long time, which is its disadvantage [17-20]. After that, the outcome is a sintered bulk, 
therefore long-time milling or grinding process is needed in order to get nanoparticles. Another 
disadvantage is that the powders are always in irregular shape owing to the low diffusion 
coefficients of ions in solid state [21,22]. The main characteristic of dry methods is that the 
properties of synthesized powders are reproducible and homogeneous. Although there are many 
processing parameters, the product can be produced with conditions not precisely controlled. 
Thus, dry methods are suitable for industrial mass production of HAp. The most critical factor 
of the purity of HAp powder production is precise weighing procedures during preparation. 
Inaccurate weighing will lead to impurity or even different compositions such as other calcium 
phosphates. 

 In wet methods, the reactions are carried out in solutions at various temperatures.  
Comparing with dry methods, wet methods can be performed at various conditions: ambient 
temperature or high temperature, in water or in organic solutions, multiple reactants and 
apparatus to choose. The size of resultant powders is much smaller than dry methods, that is 
why researchers usually choose wet methods to synthesize nanoparticles. The morphology 
and the mean size of powder can be easily controlled. However, the crystallinity of HAp is 
lower than that of dry methods in many cases. Chemical precipitation may be the simplest 
method among wet methods. Besides, there are many other advantages including low reaction 
temperatures and environmentally friendly by-product (water). The typical procedure starts 
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with the preparation of the solutions containing Ca and P, and then dropwise add one reagent to 
another under continuous stirring. The molar ratio Ca/P has to be exactly kept at stoichiometry 
as 1.67. The precipitation is later washed, filtered, dried and heat-treated, respectively. 
Temperatures and pH can influence the morphologies of HAp powders.

 Sol-gel methods are always used to produce fine powders in liquid medium. Generally, 
precursors undergo mineralization in aqueous. The process usually involves hydrolysis and 
polycondensation reactions which followed by drying on a hot plate and calcination. The 
conditions are really soft in terms of temperature, generally the highest temperature of the 
calcination is around 500 ℃, much lower than other methods [23]. However, shortcomings 
of this method are obvious: not suitable for industrial large-scale production, high expense, 
longer time expending, strictly controlling conditions. 

 Hydrothermal methods are one of the most common ways to produce HAp. The 
principle of these methods is similar to chemical precipitation, but the process usually occurs 
in a hydrothermal synthesis reactor with elevated temperature and high pressure, just like in 
an autoclave. The high pressure is the result of high temperature, which is much higher than 
the boiling point of water (sometimes the solvent is organic, which is called solvothermal). 
The HAp nanoparticles are relatively stoichiometric and highly crystalline. The morphology 
of HAp nanoparticles can be controlled by organic additives.

3. HAp as Gas Sensors for Detection of Environmental Gases

 With the unprecedented development of industry, science and technology, industrial 
effluent and hazardous pollutant are emitted to the environment. The biosphere is badly hurt 
and many species are facing the threat of extinction. In order to prevent further impact of 
pollution, early detection of hazardous pollutant is critical for environmental security. Gas 
sensors play an important role in detecting specific gas molecules and environment protection. 
Thus, developing novel gas sensing materials becomes a hotspot. Owing to the unique properties 
of HAp, many researchers conducted related studies on its gas sensor applications. Here are 
introductions to some representative works.

3.1 Applications of HAp for detection of various gases

 HAp has been applied to gas sensors for a long time. In 1988, Nagai et. al. [24] reported 
that porous HAp ceramics can be used as gas sensor for detecting CO2, which is a common 
greenhouse gas. The fine HAp powders were prepared by conventional wet chemical method 
via the reaction between CaCO3 and phosphoric acid. In 2005, Mahabole et. al .[25] developed 
a new type of HAp ceramic served as a CO gas sensor. CO is a hazardous gas which may cause 
people’s death. They synthesized different HAp with different Ca/P ratios by three processes: 
wet chemical process, hydrothermal process and microwave process. The results showed that 
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the optimal operating temperature for using HAp as CO gas sensor was about 125 ℃ and 
at other temperatures the respond was merge. The sensitivity factor is about 0.8 when the 
concentration of CO is 900 ppm. In 2011, Khairnar et. al. [26] deposited the HAp thick film 
on insulating alumina substrate using screen printing technique for detecting CO. The HAp 
powder was prepared via wet chemical precipitation process. Then they used swift heavy ions 
(SHI) irradiation to modify the surface morphology and the gas sensing properties of HAp film. 
The working temperature to detect CO gas was 150 ℃ ~ 195 ℃. Gas response was improved 
upon SHI irradiation. When HAp grain had the least average size, it had the best gas sensing 
performance. Their group then reported that HAp thick films were doped with Co and Fe ions. 
The addition of metal ions and surface modification by SHI improved the sensing properties 
of HAp films to CO gas drastically [27].

 Yong Liu’s group has reported the sensing properties of HAp and HAp-based composites 
for detecting of ammonia gas that is a caustic and hazardous gas with a characteristic pungent 
smell. In 2015, Li et. al. [7] prepared tubular HAp powders by methods of cation exchange 
membrane-assisted electrochemical deposition. Ca and P solutions were added into two 
containers, respectively. A cation-exchange membrane (Nafion membrane) was fixed between 
the two containers. The conducted electrochemical deposition was for 1 h and the reaction 
lasted for 7 days. The tubular HAp was assembled by nano HAp crystals. Tubular HAp based 
NH3 sensors exhibit 1.35-1.65 times of response value than the sensor based on rod-like HAp 
produced by hydrothermal method. Zhang et. al. [7] synthesized functionalized graphene/
HAp composites. They first prepared and functionalized graphene oxide (GO) with the aid 
of polydopamine (PDA) which acted as a template and a reductant for graphite oxide. Then 
they used its solutions to synthesize hydroxyapatite/graphene (GR) hybrid materials via in situ 
synthesis (named cHAp/GR) and biomineralization (named bHAp/GR). The cHAp exhibited 
needle-like crystals while bHAp exhibited micro-spheres morphology. bHAp/GR composites 
showed a much higher response to ammonia than that of cHAp/GR due to its much finer 
crystals and nano-porous structures. In 2016, nano Au particles were also used by their group 
to improve the gas sensing properties of tube-like HAp [28]. 5wt% Au-modified HAp exhibited 
the best sensitivity and relatively short response/recovery time when detecting NH3 gas. The 
response of the composite is still up to 70.8% when the NH3 gas concentration is down to only 
50×10-6. 

 Except for metal ions and graphene, HAp can also be modified by conductive polymer. 
In 2016, Li et al. [29] prepared conductive polymer/HAp composite materials as the gas 
sensing materials to ammonia. HAp was prepared by cation exchange membrane-assisted 
electrochemical deposition. The composites were prepared by mechanical mixing of HAp 
powder with polyaniline (PAni) or polypyrrole (PPy). The results showed that both of PPy and 
PAni improved the sensing properties of HAp. Composites containing 5% PPy and 20% PAni 
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exhibited the highest sensitivity to NH3. 5% PPy/HAp showed higher sensitivity and better 
selectivity than 20% PAni/HAp, but 20% PAni/HAp exhibited shorter response/recovery time 
and better stability.

 Gram-negative bacterium was also be used to enhance the gas sensing properties of 
HAp by Liu’s group, which is an innovative idea for material preparation. Acidithiobacillus 
ferrooxidans (At.f), is a Gram-negative bacterium, which can obtain energy through the electrons 
released as a consequence of the oxidation process and it is often used for desulphurization. In 
2016, Tan et. al. [29] reported the results of At. f/HAp composites as gas sensing materials to 
detect H2S gas. The sensitivity of the composite to H2S was 2.5 times that of pure HAp. The 
highest sensitivity to H2S at 2000 ppm was 76%. The microstructures are shown in Figure 2.

Figure 2: Microstructures of At.f (a–c), HAp (d and e) and At.f/HAp composite (f) [29].

3.2 Gas sensing mechanisms of pure HAp and the composites

3.2.1 Gas sensing mechanisms of pure Hap

 HAp is known as a porous material with many ionic species like PO4
3- , Ca2+, and OH-. 

HAp is usually recognized as a one-dimensional ionic conductor. OH- is at the center of the 
channel which is paralleled to c-axis, Ca2+ is in the channel as well. The conductivity of HAp 
is generally recognized that protons serve as charge carriers and migrate from OH- to the 
adjacent PO4

3- in HAp crystals at room temperature [30]. When the temperature evaluates, OH- 

will move along c-axis and that is the second conductivity mechanism of HAp. As mentioned 
above, porous structures greatly enhance the adsorption of HAp, the larger specific surface 
area is, the greater adsorption will be. Plus, the P-OH groups on the surface act as adsorption 
sites for gas molecules. HAp always acts as a proton acceptor. When the detected gas is CO, 
the reaction between CO molecule and OH- on HAp surface is as following,
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The formation of CO3
2- will have a great influence on the conductivity of HAp.

 In Ref. [7], the tubular HAp grows preferentially along (002) orientation, i.e, c-axis. 
Since it is tube-like powder, the specific surface area is extremely large and the surface energy 
is pretty high. The crystallinity of tubular HAp is poorer than rod-like HAp, which lead to 
more defects of tubular HAp crystal. The more defects and larger specific surface area, the 
more absorption sites there will be. The absorption sites will absorb O2 molecules and react as 
following,

Figure 3: Schematic illustration of major ammonia sensing mechanisms of tubular HAp [7].

(1)

(2)

(3)

(4)

When NH3 molecules are captured by absorption sites, they will act as a proton donor and 
produce intermediates of NH2

- which will react with O2
- , O- and O2-. HAp as a proton acceptor, 

its conductivity will increase owing to the increment of charge carrier. Besides, NH2
- will 

probably replace OH- on the surface, which will change the crystal structure of HAp. That may 
be another reason of conductivity change.

(5)

(6)

HAp can also absorb H2O, as is known to all, NH3 is highly soluble in water and can produce 
NH4

+, the conductivity will increase.

 The schematic illustration of ammonia sensing mechanisms of tubular hydroxyapatite is 
shown in Figure 3.

(7)
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3.2.2 Gas sensing mechanisms of HAp based composites

 The mechanism of HAp based composites varies a lot according to the component. For 
two-dimensional materials like graphene, HAp acted as an anchor and absorb gas molecules, 
and GR is a good conductor, this combination can perfectly enhance the gas sensing properties. 
For metal ions, besides its great conductivity, the catalysis effect also plays an important role. 
The surface of gold nanoparticles carries negative charge, so it has strong ability to capture NH3 
molecules. As a catalytic activator, Au nanoparticles result in more defects on the surface of 
HAp, which increase the sensing ability of composites [28].  For polymers like PPy and PAni 
mentioned above, PPy is a p-type semiconductor, its carrier is a positively charged vacancy, 
and ammonia, as a reducing gas, contributes electrons to PPy. When the concentration of 
charge carrier of PPy decreases, the resistance increases. When the concentration of NH3 goes 
up, the number of molecules adsorbed by PPy goes up, thus improving its sensitivity [29].

 As for bacterium, the cell wall of At.f is composed of many kinds of polysaccharides and 
proteins, which means there will be many chemical activate groups like hydroxyl, carboxyl 
and mer\capto-group. Moreover, when H2S is absorbed by H2O, H2S will dissociate to HS- 
and H+, which increases the density of proton, so the conductivity will increase when the 
concentration of H2S increases. Another reason for the improvement of the sensitivity is that 
during the cultivation of At.f, jarosite (KFe3(SO4)2(OH)6) was formed, which has been used 
as a catalyst. The multiple OH- groups in jarosite can provide the adsorption sites for H2S. In 
addition, Fe3+ and SO4

2- in jarosite may also be beneficial for the response to H2S since they 
may provide the selective oxidation of hydrogen sulfide to sulfur [29].

4. Electrochemical Detection Of Heavy Metals and other Organics By Hap

With the rapid development of China’s industrialization, the situation of water and soil 
pollution have become increasingly serious. Excessive levels of heavy metals in human body 
have become more and more common. The harm caused by heavy metals to human health 
cannot be ignored, such as lead poisoning and Minamata disease. These poisoning symptoms 
often bring serious permanent damages to human body, leading to disability and even death. 
Metals with a density of more than 4.5g/cm3 are often called heavy metals, such as gold, 
silver, copper, lead, zinc, nickel, cobalt, chromium, mercury, cadmium and so on. In terms of 
environmental pollution, heavy metals refer to the elements with significant biological toxicity, 
such as chromium, mercury, cadmium, lead and arsenic, which are also the most five toxic 
heavy metals to human body. They cannot be decomposed in water, and their toxicity will be 
amplified after drinking by mistake, and they can combine with other toxins in water to form 
more toxic organic or inorganic substances. Table 2 summarizes the hazardness of some heavy 
metals mentioned above.
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Table 2: Examples of some heavy metals reported in the literature.

Metal
WHO 

standard 
limits(mg/L)

Main sources Poisoning effects References

Lead (Pb) 0.05

PVC pipes in sanitation, 
agriculture, recycled PVC 
lead batteries, lunch boxes, 

etc.

Penetrates through protective Blood Brain 
Barrier (BBB) and is proving to be a risk 
factor for Alzheimer’s disease and Senile 

Dementia. Also leads to neuro-degenerative 
diseases, decreases IQ, kidney damage, 

decreased bone growth, behavioural issues, 
ataxia, hyperirritability, and stupor

[24, 25, 27, 
31, 32]

Cadmium 
(Cd)

0.005

Paints, pigments, 
electroplated parts, 

batteries, plastics, synthetic 
rubber, photographic 

and engraving process, 
photoconductors and 

photovoltaic cells

Renal toxicity, hypertension, weight loss, 
fatigue, microcytic hypochromic anaemia, 

lymphocytosis, pulmonary fibrosis, 
atherosclerosis, peripheral neuropathy, lung 

cancer, osteomalacia, osteoporosis, and 
hyperuricemia

[33-35]

Arsenic (As) 0.05

Wooden electricity poles 
that are treated with arsenic 

based preservatives, 
pesticides, fertilizers, 
release of untreated 

effluents, oxidation of 
pyrite (FeS) and arseno 

pyrite (FeAsS)

Causes effects on central nervous system 
(CNS), peripheral nervous system (PNS), 

cardiovascular, pulmonary diseases, 
gastrointestinal tract (GI), genitourinary 

(GU), haemopoietic, dermatologic, foetal 
and teratogenic diseases, anorexia, brown 

pigmentation, hyper-pigmentation, localized 
edema, and skin cancer

[36-39]

Chromium 
(Cr)

0.05
Leather industry, tanning, 

and chrome plating 
industries

Reproductive toxicity, embryotoxicity, 
teratogenicity, mutagenicity, 

carcinogenicity, lung cancer, dermatitis, 
skin ulcers, perforation of septum, and 

irritant contact dermatitis

[40]

Zinc (Zn) 5
Soldering, cosmetics, and 

pigments

Respiratory disorders, metal fume fever, 
bronchiolar leukocytes, neuronal disorder, 

prostate cancer risks, macular degeneration, 
and impotence

[41-44]

Copper (Cu) 1.3
Fertilizers, tanning, and 

photovoltaic cells

Adreno-corticol hyperactivity, allergies, 
anaemia, alopecia, arthritis, autism, cystic 

fibrosis, diabetes, haemorrhage, and kidney 
disorders

[45, 46]

4.1 Introduction of detection methods

 The content limit of hazardous heavy metals is extremely low to human health, regular 
method is not easy to detect them and once detected, severe complications have been caused. 
So, a detection method with high sensitivity, better accuracy and faster response speed is 
required. The following will introduce two kinds of commonly used electrochemical detection 
methods for determination of heavy metals: anodic stripping voltammetry and cathodic 
stripping voltammetry.
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4.1.1 Anodic stripping voltammetry (ASV)

 A standard analytical electrochemistry system mainly consists of three parts: an 
electrochemical sensing device, electrochemical detecting instrument, and electrolyte. The 
electrochemical detection instrument is usually composed of three electrodes: a working 
electrode (WE), reference electrode (RE), and counter electrode (CE). After the surfaces of 
the WEs are modified using different materials, WEs have a uniform surface area and maintain 
sensitive response and they can be used for the specific detection of various kinds of metal ions 
[47, 48]. 

 Stripping voltammetry includes two steps: pre-concentration and dissolution. The pre-
concentration step involves accumulating the metal cations on the surface of the WE using 
Faraday's reaction or adsorption, and then obtaining a correlated signal by anodic stripping 
voltammetry (ASV). Following the pre-concentration step, the dissolution step is carried out 
by sweeping the electrode potential in the anodic direction to re-oxidize the zero-valent metals 
to cations [49]. A high dissolution current peak is reached during the rapid oxidation process, 
and the stripping current peak potential changes according to the different kinds of heavy 
metals.

 Square wave anodic stripping voltammetry (SWASV) is one of the common and typical 
means of ASV. It has numerous applications in various fields, including medicinal and various 
sensing detection. SWASV measurement also includes two steps: accumulation of trace 
elements and electrochemical stripping step of the accumulated elements on electrode surfaces 
[49]. Considering the two steps of SWASV, it is very important to select a suitable material 
which is easy for adsorption and stripping of heavy metal ions to modify the surface of working 
electrode for sensitively electrochemical detection. Recently, the researchers are exploring 
electrode materials that can promote the oxidation-reduction reaction between an electrode 
and metal ions. For example, Li and Zhang used an ionic liquid supported CeO2 nanoparticles–
carbon nanotubes composite modified glassy carbon electrode as an electrochemical sensor to 
detect Pb2+ [50].

4.1.2 Cathodic stripping voltammetry (CSV)

 Stripping voltammetry is also known as reverse stripping polarography. This method 
allows the substance to be measured to electrolyze for a certain time under the potential of 
limiting current generated by ion polarography analysis. Then the potential of the electrode is 
changed so that the substances concentrated on the electrode can be dissolved out again. The 
voltammetry curves obtained in the dissolution process are used for quantitative analysis. If 
the cathode is used for dissolution reaction, it is called cathodic stripping voltammetry (CSV). 
In this method, the measured ions form a layer of insoluble compounds in the anode process 
of pre-electrolysis, and then when the working electrode is scanned in a negative direction, 
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the insoluble compounds are reduced and a reduction current peak is generated. CSV can be 
used for the determination of anions such as halogen, sulfur and tungstate [51,52].When it is 
used to detect metal ions, the enrichment effect is independent of the initial concentration. In 
order to achieve a good enrichment effect, the concentration time can be shortened by reducing 
the solution volume, increasing the area of the electrode, speeding up the mixing speed and 
reducing the thickness of the diffusion layer [53]. Because of the high sensitivity of stripping 
voltammetry, it has practical value in the analysis of ultrapure substances. In addition, it has 
been widely used in the determination of trace elements in environmental monitoring, food, 
biological samples and so on.

4.2 Detection of heavy metals and other organics by HAp

4.2.1 Detection of heavy metals and other organics by pure Hap

 Effective remediation of heavy metal contaminated wastewaters is one fundamental step 
towards a more sustainable industrial development. The detection process, due to its simplicity 
has attracted a lot of interest. Activated carbons have been the most popular and widely used 
materials [54-57], however, the high costs have  limited their diffusion on an industrial scale. 

 Among all the solid detection agents and sorbents, HAp has gained a major attention 
because of its unique properties of low cost, chemical and thermal stability, and extreme water 
insolubility (Kps ≈ 10−59 at room temperature) [58]. The HAp structure is flexible to both 
cationic and anionic substitutions, which yields the possibility of functionalizing the structure 
and modulating the number of acid–base sites in the HAp crystal. Cations (e.g., Sr2+, Mg2+, 
Na+, K+, etc.) can substitute either Ca(1) or Ca(2) ions or both simultaneously, whereas anions 
(e.g., F−, Cl−, CO3

2−, VO4
3−, etc.) can replace either OH− or PO4

3− ions or both simultaneously 
[59-63].

 It has been proved that HAp is an effective detection agents and adsorbent for various metal 
cations [64-68]. More than one metal-trapping mechanism has been recognized: ion-exchange 
that involves the substitution of Ca2+ ions of the HAp framework, surface complexation, and 
dissolution-precipitation of new formed stable phosphate containing phases [47,64,67,68]. The 
predominance of a certain metal trapping mechanism depends on the metal species nature, the 
operative parameters, such as pH and contact time, and also the surface characteristics (acid-
base sites ratio) of HAp sample [68]. From an applicative point of view, HAp presents the 
advantage that mono-valent, bivalent, trivalent, and even higher valence metal ions can partly 
or completely substitute Ca2+ ions of HAp framework. If the substituting cation does not have 
a +2 charge, the charge compensation mechanism might have an overriding influence on the 
distribution between the Ca(1) and Ca(2) sites. So, there may be an unequal distribution of 
substituting cations between them. If the cation substitution does not imply charge difference, 
the distribution is more likely to be determined by the relative sizes of the substituting and host 
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cations in relation to the two Ca sites, although the polarizability and the ability to form partial 
covalent bonds may be important in particular cases. The coordination number of the Ca(1) 
site is nine, whereas for Ca(2), it is only seven. This difference can suggest that, purely on the 
basis of the size, the Ca(1) site should be occupied preferentially by cations larger than Ca(1) 

(e.g., effective ionic radius for several ions in the same coordination, VI-coordination, Ca2+, 
Sr2+, Pb2+, and Ba2+ are 1.00, 1.18, 1.19, and 1.35 Å, respectively). Moreover, an important 
advantage of HAp sorbent is the almost permanent character of the confinement of several 
trapped metal species [65,68]. 

 In 2011, Zhang, et al [36] have successfully converted waste egg-shell to HAp under 
hydrothermal conditions, and applied it as modifiers in chemically modified carbon paste 
electrode (CMCPE ) for highly sensitive detection of bisphenol A(BPA) in 0.2M phosphate 
buffer saline(PBS) by cyclic voltammetry method. HAp modified electrode exhibited excellent 
sensing ability, with the detection limit down to 0.246 nM in a linear range of 0.4 nM to 
24nM. They [69] also have successfully converted the egg-shell to 3D flower-like HAp under 
mild conditions, and applied it as modifier in electrochemical sensor for the detection of As3+ 
by cyclic voltammetry method. It exhibited excellent sensing ability with the detection limit 
down to 0.034 ppb [69]. They also used the flower-like HAp crystals formed on the egg-shell 
membrane as modifiers in CMCPE for highly-sensitive detection of Pb2+ and Cd2+ ions by ASV 
method [70]. The results revealed that the HAp exhibits better adsorption ability than brushite 
because of its unique three-dimensional network structure as well as the high flexibility in 
ion exchange. The change of crystal lattice structure leads to the difference of determination 
capability for metal ions. The detection limits of CMCPE modified by HAp achieved 2.38nM 
for Pb2+ and 5.31nM for Cd2+ in a linear range of 1.0nM to 100nM [70]. Zhang, et al [71] also 
fabricated sea cucumber-like HAp crystals with the aid of a Nafion N-117 cation exchange 
membrane and the crystals were used as modifiers in a CMCPE for the detection of Pb2+ and 
Cd2+ ions by SWASV method. The SEM images of HAp crystals are shown in Fig. 4. The 
unique sea cucumber-like HAp exhibited better adsorption ability than HAp nanorods. The 
proposed modified electrode had significantly lower linear ranges for Pb2+ and Cd2+ with a 
detection limit of 0.00423nM and 0.027nM, respectively, and exhibited sensitivities about 10 
and 100 times higher than those reported previously for other HAp–CPEs. 
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Figure 4:  Morphologies of the crystals formed on the P-side of the cation exchange membrane after holding for (a) 4 days and 
(b) 7 days.

4.2.2 Detection of heavy metals and other organics by HAp-hybrid materials

 Synthetic HAp is an efficient and environment-friendly material for the remediation 
of heavy metal contamination. However, the applications of conventional HAp powder in 
stabilizing pollutants are limited, due to the lower performance/price ratio. Therefore, more 
and more attentions are put on the HAp-hybrid materials to combine the both advantages 
of HAp and additive agents. Prongmanee et. al. [72] prepared HAp/ GO composites by 
growth of HAp on GO in the simulated body fluid (SBF). HAp/GO modified screen-printed 
electrode (SP-HAp/GO) were investigated for L-tryptophan (Trp) detection using linear sweep 
voltammetry (LSV) technique. After electrochemical determination of Trp, the linear range 
(7–1,000 µM) and limit of detection (LOD  ~  5.5 µM) obtained from HAp/GO-modified 
electrode are better than those of bare (25–1000 µM, LOD ~ 17.5 µM) and GO-modified (10–
1000 µM, LOD ~ 7.0 µM) electrode. Pang, et. al. [73] used a simple and sensitive electro 
chemical method for the determination of luteolin based on the graphene nanosheets (GNs) 
and HAp nanocomposite modified glassy carbon electrode (GCE) (GNs/HAp/GCE). The 
electrochemical behaviors of GNs/HAp/GCE can greatly enhance the electrocatalytic 
activity in the redox process of luteolin. It led to a considerable improvement of the redox peak 
current for luteolin and allowed the development of a sensitive voltammetry sensor for the 
determination of luteolin. The results showed that the detection limit was 1.0 × 10−8 M. Ajab 
et. al. [74] synthesized an environmentally friendly and cost-effective novel carbon electrode 
modified with cellulose and HAp to detect Pb ions. The sensor detected Pb ions in palm oil 
mill effluent in the concentration range of 10–50 μg/L with 0.11 ± 0.37 μg/L limit of detection 
and 0.37 ± 0.37 μg/L limit of quantification. They also synthesized a novel cellulose, HAp and 
chemically-modified carbon electrode (Cellulose-HAp-CME) composite for the detection of 
trace Pb2+ and validation in blood serum by SWASV(75), with LOD of 0.11 ± 0.36 ppb and 
limit of quantification (LOQ) of 0.36 ± 0.36 ppb.

Table 3 shows the summary of the applications of HAp on detection of heavy metals and other 
organics.
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Table 3: Detection of heavy metals and other organics by HAp and its composites

Materials Synthetic approach Morphology
Template/
surfactant

Application Reference

HAp hydrothermal Flower-like Egg shell
Detection of 
bisphenol A

[36]

HAp / 3D flower-like Egg shell Detection of As3+ [69]

HAp Ion exchange Flower-like
Egg shell 
membrane

Detection of 
Pb2+, Cd2+ [70]

HAp Ion exchange
Sea cucumber-

like
Nafion 

membrane
Detection of 

Pb2+, Cd2+

[71]

SP-HAp/GO / / SBF
Detection of 
L-tryptophan 

(Trp)
[72]

GNs/HAp/GCE
Electrochemical 

method
/ /

Detection of 
luteolin

[73]

Cellulose-HAp-CME / / / Detection of Pb2+ [74, 75]

4.3 Section summary

 To sum up, HAp and its composites are functional materials for the efficient detection 
of heavy metals and other organics in wastewater. The future studies can be carried out in the 
following aspects: (1) The application of HAp is limited due to its powder structure. Therefore, 
in order to improve the performance and practicability, HAp can be combined with organic or 
inorganic materials to form a practical composite detection material. (2) At present, the proposed 
mechanisms of detecting heavy metals by HAp include ion exchange, surface complexation, 
adsorption and dissolution/precipitation. However, there is still a lack of in-depth theoretical 
and experimental support for the specific determinative effects.

5. Adsorption of heavy metals by Hap

 Water and soil contamination by heavy metals has become a major global concern and 
represents a significant threat to the environment and human beings. Unlike most organic 
contaminants, the major concern regarding the presence of heavy metals in an environment is 
that such metals have direct or indirect adverse effects on animals, plants and humans, even at 
very low concentrations. Due to their non-biodegradability and long-term persistence, which 
result in their accumulation in living organisms and concentration throughout the food chain, 
they can cause severe environmental contamination, as well as various diseases and disorders 
[76,77], which is shown in Table 2.

 Adsorption is one of the attractive methods for the removal of metal ions or organic 
contaminant in aqueous environment in terms of simplicity, suitability for ultra-low 
concentration, and availability of different low-cost adsorbents. Along with the need of low-cost 
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adsorbent, many inorganic and organic materials were developed for waste water treatment and 
soil remediation. Instead of carbon-based materials such as biochar, bio-sorbent and activated 
carbon, HAp were also widely studied [78, 79]. HAp has been reported as a suitable material 
for the removal of heavy metals from contaminated water and soil [10,80-82]. This is due to 
the physical, chemical, mechanical and biological properties that make it stable and exhibiting 
high sorption capability. These properties are related to various surface characteristics of 
HAp, e.g., surface morphology, surface functional groups, acidity and basicity, surface charge, 
hydrophilicity, and porosity [83-85].

5.1 Adsorption of heavy metals from water by HAp

 Studies on the adsorption of heavy metals by HAp began at the end of the 20th century. 
In 1994, Suzuki, et. al. [86] applied the fixed bed containing HAp particles as the adsorption 
material of Cu2+, Cd2+ and Pb2+. It was found that the adsorption of Cd2+ and Cu2+ was mainly 
on the surface of HAp particles, and Pb2+ could be adsorbed inside and outside the particles. In 
1996, Reichert, et. al. [87]. developed three HAp based adsorption materials for the removal 
of Cr3+, Pb2+ in water. The results showed that the removal rate reached 100%. After 2000, 
researchers conducted further studies on HAp for removal of heavy metals.

 Skwarek, et. al. have prepared and modified HAp, and studied the adsorption capability 
of some metal ions on HAp/electrolyte solution, including Zn2+ [88], Sr2+ [89,90], Cd2+ [91], 
Co2+ [92], Ba2+ [93] and U6+ [94] ions. Adsorption of Zn and Sr ions in the studied pH range 
and can be described using the Freundlich equation [88, 89], which means the adsorption sites 
on the surface were heterogeneous. The adsorption kinetics of Sr, Cd, Co, and Ba ions can be 
described by the multiexponential equation. The adsorption kinetics of U ions followed the 
pseudo-second-order model. The solubility/dissolution and precipitation process that occurred 
during the adsorption of Sr and Cd ions due to H+ release, which then changed the grain or 
particle size distribution of HAp [89,91]. Metals ions removal from aqueous solutions by HAp 
can proceed through different sorption processes, such as ion-exchange, surface complexation, 
coprecipitation, recrystallization, contigent on the applicaiton conditions and feature of both 
sorbing cations and HAp [89]. For Co ions adsorption, it proceeds by ion-exchange with Ca 
ions in the crystal lattice and H ions in the surface groups of HAp [92]; for Ba ions adsorption, 
it occurs by their adsorption of ions on the surface groups with the release of proton and the 
exchange of Ca ions from the crystal lattice [93]; for U(VI) ions adsorption, it proceeds as the 
chemisorption mechanism [94].

 Bitter gourd is a well-known vegetable with many holes on the surface. Guo. et al 
[95] synthesized an interesting bitter gourd-shaped nanoscale HAp (Figure 5), with a high 
adsorption capacity of heavy metal ions (Pb2+, Cd2+, Cr3+ ). The adsorption capacity for Pb2+, 
Cd2+, Cr3+ is 815.4, 291.5 and 187.3 mg/g, respectively. The main interaction mechanism may 
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possibly be ion-exchange mechanism. But different from the reported ion-exchange mechanism 
in which the main exchange ions is H+ [96-99], the exchange ions of the bitter gourd-shaped 
nano-HA is Ca2+. 

Figure 5: SEM images of bitter gourd-shaped nanoscale HAp [95].

 Biochar (biomass-derived black carbon) has attracted attention as a new adsorbent 
because of its especial properties (e.g., high surface area and cation exchange capacity) [100-
102]. However, the as-prepared biochars usually have a relatively low adsorption capacity for 
heavy metals [103]. A HAp-biochar (HAp-BC) nanocomposite was synthesized and used for 
Pb2+, Cu2+ and Zn2+ removal in both single and ternary mixed solutions [104]. The HAp-BC 
nanocomposite showed enhanced adsorption, especially for Pb2+. The adsorption capacities of 
HAP-BC are higher than those by BC. Pb2+ adsorption followed the Langmuir model, while 
the other two ions followed the Freundlich model in both single and ternary systems. All 
adsorption processes were well-described by pseudo-second-order kinetics. In addition, the 
adsorbed HAp-BC could be recycled using HCl solution. Thus, HAp-BC nanocomposites 
could be an eco-friendly and low-cost adsorbent for heavy metals removal from wastewater.

 Generally, the adsorbent should be environmentally friendly and causes no secondary 
pollution. However, the aggregation of nano-HAp in aqueous solutions without stabilizers will 
lose removal capacity. Moreover, well-dispersed and highly stable nano-HAp is not easy to 
be isolated from aqueous solutions after usage. So, the nano-HAp suspension was synthesized 
with the stabilization effect of polyacrylic acid and further fixed by alginate to form nano-HAp/
alginate composite for Cu2+ removal,  showing adsorption capacity is 60.99 mg/g for Cu2+ [105]. 
For nano-HAp, the Langmuir isotherm model was more suitable to describe the adsorption 
of Cu2+ ions. For 50% nano-HAp/alginate composite, the adsorption of Cu2+ followed both 
the Langmuir and Freundlich isotherm models. That is to say, the multilayer adsorption of 
Cu2+ may occur on heterogeneous surface of nano-HAp/alginate composite compared to the 
monolayer sorption of Cu2+ onto nano-Hap [106].

 Higher rates in metals removal can be obtained when the solid matrixes employed are 
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not used only as immobilization surfaces but also play an active role in the adsorption of 
the metallic ions. Activated carbon, for instance, was employed with several bacteria on its 
surface, such as Escherichia coli, Streptococcus equisimilis and Bacillus coagulans, for the 
removal of Pb, Cd and Cr [107]. Piccirillo, et. al. [108] reported a study on the immobilization 
of metal-resistant bacterial strains onto the surface of HAp that was extracted from the bones 
of Atlantic cod fish for the removal of Zn2+ or/and Cd2+. The synergistic effect between bacteria 
and HAp was effective for higher concentrations of heavy metals when removal one kind 
of metal ions, and for lower concentrations when more than one metallic ion is present in 
solution. The maximum adsorption capacities were up to almost 4 and 3 times higher for Zn2+ 
with 1C2 (Cupriavidus sp.) and Cd2+ with EC29 (M. oxydans) respectively. These systems 
were also tested for solutions containing both of these two metallic ions at the same time, and 
were shown to be effective also in these cases [109]. Some applications of HAp for adsorption 
of heavy metals are summarized in Table 4.
Table 4: Adsorption of heavy metals by HAp and its composites

 Materials
Adsorption heavy 

metals
Saturation absorptive 

capacity(mg/g)
Adsorption 
mechanism

Reference

Ag-HAp, Ca-HAp U6+ 8.1 mmol/g for Ca-HAp;
7.2 mmol/g for Ag-HAp

Chemisorption [94]

Bitter gourd shaped 
HAp

Pb2+, Cd2+, Cr3+ for Pb2+, Cd2+, Cr3+ is 
815.4,291.5 and 187.3,

Ion exchange (Ca2+) [95]

 HAp-BC Pb2+, Cu2+, and Zn2+

maximum adsorption values 
for Pb2+, Cu2+, and Zn2+ were 
about 1000, 833.33, and 935.

adsorption/desorption 
cycles [104]

nano-HAp/alginate 
composite

Cu2+ 60.99

Dissolution-
precipitation, ionic 

exchange reaction and 
surface complexation

[105]

HAp(bacteria: 
Cupriavidus sp. 

And M. oxydans)
Zn2+, Cd2+ Zn2+:0.433 mmol/g

Cd2+:0.090mmol/g

Synergistic 
effect between HAp 

and the bacterial
[108]

5.2 Adsorption of heavy metals from soil by HAp

 HAp has been used for soil remediation because of its adsorption and immobilization 
ability of heavy metals. In 1999, Boisson, et. al. [110] evaluated the possibility of HAp as 
a metal immobilizing additive for soil remediation. It showed that concentrations of metals 
in the leaves of the test plants reduced after HA application. Several researches [111-114] 
have proved that HAp is a potential material for Pb and Cd contaminated soil remediation. 
Wang et. al. [115] used composite agents containing KCl and HAp for soil remediation 
contaminated by Pb and Cd. The results showed that HAp could fix the Pb and Cd efficiently, 
with a maximum fixing efficiency of Pb and Cd for two types of soil were 83.3%, 97.27% and 
35.96%, 57.82%, respectively. Cl- improved the fixing efficiency of Pb/Cd in soil by HAp. 
He et.al. [116] prepared a nano-crystallite HAp to immobilize Pb and Cd in contaminated 
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soil. The nano-HAp application could significantly reduce water soluble Pb with 72% and 
Cd with 90%, bioaccessible Pb with a reduction of 12.5-27.5% and Cd with a reduction of 
17.66-34.64%, respectively. The phytoavailability of Pb and Cd was reduced with 65.3% and 
64.6% in contaminated soil, respectively. Yang, et.al. [117] used a biochar-supported nano-
HAp (nHAp@BC) for remediation of Pb contaminated soil. Using BC can greatly reduce the 
cost of remediation of Pb though it reduced the immobilization rates of Pb. Moreover, nHAP@
BC can reduce the bioaccessibility of Pb in the soil and the accumulation of Pb in plants, and 
accelerate the recovery of soil fertility. Li, et.al. [82] studied the influence of particle size of 
HAp on the efficiency of soil remediation. They found that micrometer HAp (mHAp) is more 
effective than nanometer HAp (nHAp) on remediation multiple metal-contaminated soils and 
was more suitable to be applied in in situ remediation technology. Another group [118] also 
studied the influence of particle size and surface characteristics of HAp particles on the soil 
remediation effect and obtained the similar results. MHAp had better effect on the passivation 
of plant available heavy metals in soil, while NHAp had better passivation durability. Wang 
et.al. [113] studied the adsorption behavior and fixation effects of HAp on Pb contaminated 
soil, and discussed the mechanisms for soil remediation by HAp. According to the results, 
the adsorption of Pb2+ by HAP was a monolayer adsorption, and the main adsorption process 
was mainly dominated by surface reactions and chemical reactions. They concluded that the 
ion exchange, phosphorus supply, precipitate, and complexation are the main immobilization 
mechanisms for soil remediation with HAp.

5.3 Section summary

 In conclusion, HAp and its composites are functional materials that can effectively 
remove heavy metals from water and soil. Further studies can be carried out in the following 
aspects: (1) The studies on the mechanism of HAp adsorption of heavy metal ions should be 
strengthened. At present, the adsorption mechanism of HAp surface is tentative and still stays 
on specific materials. The adsorption behavior of HAp can be guided by improving existing 
models or developing new general theoretical models with better practicability. HAp desorption 
behavior after adsorption of heavy metal ions still need to be studied. (2) HAp modification 
needs to be studied to make its surface structure be more suitable for practical needs, so as to 
simplify the production process, reduce the preparation cost. Also, HAp powder needs to be 
more refine, homogeneous, activation to improve the removal rate of heavy metal ions with 
less adsorbent and improve the conditions of adsorption (excellent stripping and recycling 
properties).

6. Photocatalytic Degradation of Hazardous Substances

 Organic dye pollutants are ubiquitous water contaminants because of their widespread 
applications in industry [119]. These compounds can not only alter the electrical conductivities 
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of bio-membranes and inhibit cellular enzymes but also produce mutations in animal (including 
human) cells and exhibit teratogenic, carcinogenic, and reproductive effects [120]. Moreover, 
due to their intrinsic biological activity, their partial or complete degradation prior to discharge 
is needed [121]. With this purpose, ozonation and other advanced oxidation technologies have 
been developed [122,123], among which photodegradation appears particularly promising 
[124]. This technology relies on the use of a photocatalytic material, in most cases a nanoscale 
semiconductor, and can generate highly oxidative species under light excitation [125]. 
While titanium dioxide remains the most popular photocatalyst used for pharmaceuticals 
photodegradation [126], ZnO, Fe2O3, Ag3PO4, Pt and so on have also shown interesting 
potentialities in this field [127].

 Among absorbing phases that may be advantageously associated with ZnO, HAp 
appears particularly interesting due to its high capacity for metal ions retention and good 
adsorption properties towards certain organic pollutants, including antibiotics [128-132]. The 
co-precipitation of HAp-based nanocomposites with other inorganic phases, such as ZrO2, 
Fe3O4 or TiO2, for remediation purpose has already been reported [133,134]. In particular, Ti-
doped HAp have shown very promising properties as photocatalysts [135-138].

6.1 Photocatalytic degradation of hazardous materials by HAp composites

 Organic dyes widely exist in the effluent from paper and textile industrial wastewater 
and can cause serious environmental problems and damages to human health [139, 140]. 
The oxides with photocatalytic function and HAp with excellent adsorption property were 
compounded at the atomic level. In other words, part of Ca in HAp was replaced by metal 
atoms in metal oxides to form a structure similar to that of photocatalytic oxides at the place 
where the metal atoms were replaced. That is to say, the photocatalytic function is given to the 
HAp crystal structure with excellent adsorption property, so that the decomposed object can be 
oxidized and decomposed efficiently. Recently, doping different ions in apatite lattice has been 
proved to be an effective way to enhance the photocatalytic efficiency of HAp. For example, 
Nishikawa, et. al .[141] firstly revealed that after substitution of a part of Ca ions by V ions 
in HAp lattice (V:HAp), visible light driven photocatalytic activity of HAp appeared. The 
substituted V ions were pentavalent at bivalent Ca sites, causing the introduction of amounts 
of Ca defects in the HAp lattice to keep electric neutrality. The photocatalytic activity was 
increased with V content. The V ions in the HAp lattice seemed to play a role as electron 
acceptor and the redox potential of the level due to the V ions was negative enough to reduce 
a O2 molecule into H2O2 via two-electron process. 

 Visible-light-driven photocatalysts have received much attention in the current situation 
of energy shortage and environmental remediation(142). Liu, et. al. [143] explored a visible-
light-driven amorphous photocatalyst made from amorphous Fe (III)-substituted hydroxyapatite 
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(am-Fe-HAp) by low cost ion-exchange method. The am-Fe-HAp with large surface area had 
semiconductor property and exhibited a good photocatalytic activity for the degradation of a 
smart ink and rhodamine B (RhB) under visible light. The photocatalytic effect of am-Fe-HAp 
could be attributed to the impurity energy level induced by the doped Fe3+ ions. The electrons 
from the impurity energy level could be excited into the conduction band of am-Fe-HAp, 
which resulted in the semiconductor property under visible light. 

 TiO2 is the most commonly used and extensively investigated photocatalyst due to its 
low cost, non-toxicity, favorable band edge positions, high catalytic efficiency and chemical 
stability [144]. Singh, et. al. [145] used low-cost waste mutton bone to prepare HAp and then 
incorporated it with TiO2 nanoparticles (HAp-T) by simple sol-gel route. HAp-T nanoparticles 
demonstrated efficient degradation of the methylene blue (MB) dye (~93%) under UV 
irradiation. Besides, appreciable stability and reusability attributes of HAp-T nanoparticles were 
observed for over 10 cycles of reuse (Figure 6(a)). Crystal structure and morphology of HAp-T 
nanoparticles photocatalyst did not alter significantly after 10 cycles of reuse (Figure 6 (b)). 
During the degradation process, HAp support can adsorb the MB molecules due to its excellent 
adsorptive nature and improve the reaction probability between MB molecules and excitons. 
HAp support contributed to recovery of photocatalyst after every reuse, which guaranteed its 
long-term stability, and also restrained the agglomeration of TiO2 nanoparticles. 

Figure 6 (a): Degradation efficiency of HAp-T nanoparticles after successive 10 cycles for degrading MB dye under UV 
light irradiation (inset shows the digital micrograph of MB solution after reaction for 10 times reuse); (b) XRD patterns 
of HAp-T nanoparticles before and after reusability test [145].

 Photocatalysis is also used for degradation of antibiotics in wastewater. Xua, et. al. 
[146] fabricated a series of porous hollow HAp microspheres decorated with small amounts of 
ultrathin graphitic carbon nitride (g-C3N4) by a facile hydrothermal procedure. The photocatalytic 
efficiencies of the various g-C3N4/HAp composites were evaluated by degradation of tetracycline 
(TC). The results showed that g-C3N4/HAp composites can act as effective photocatalysts 
for TC degradation. Importantly, g-C3N4 (1.5 wt.%)/HAp composite displayed an excellent 
photocatalytic activity and good stability, which was faster than those over porous hollow HAp 
microspheres and ultrathin g-C3N4 solely. The presence of ultrathin g-C3N4 and porous hollow 
HAp microspheres in the g-C3N4/HAp composites promote the separation efficiency of the 
photogenerated electron-hole pairs, and thus resulting in high photocatalytic efficiency toward 
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TC degradation. Ekka, et. al. [147] prepared HAp decorated with zirconia nanoparticle (HAp-
ZrO2) by sonochemical method. It was found that the HAp-ZrO2 nanocomposite exhibited 
effective photocatalytic activity towards the degradation of phenolic compounds (more than 
95%). The improvement of photocatalytic activity for degradation of phenolic compounds 
may be because of the increase of specific surface area that provides the ordered adsorption 
and transport of charge carriers.

 Sulaemana, et. al. [148] produced the high crystallinity of single phase Ag3PO4 based 
on HAp. Photocatalytic activities of the product were evaluated using Rhodamine B (RhB) 
decomposition under blue light irradiation. Ag3PO4/HAp decreases the particle size and 
generates the high absorption in the visible region. The photocatalytic activity of Ag3PO4/
HAp increases up to 3.5 times higher compared to pure Ag3PO4. The mechanism of primary 
active species in the Ag3PO4 system works in the following order: •O2− > h+ > •OH and it was 
changed into the following order: h+ > •O2− > •OH in Ag3PO4/HAp. 

Table 5 summarizes some applications of  HAp-based composites for photocatalytic degradation 
of hazardous substances.
Table 5: Photo-catalytic degradation of hazardous materials by HAp composites

Materials
Synthesis 
methods

Degraded 
hazardous 
materials

Optimal catalytic 
conditions

Catalytic performance Reference

V:HAp
Hydrothermal 

synthesis 
method

acetaldehyde
5% V:HAp

  Quantum efficiency 
(number of reacted 
electron/number of 

absorbed photon) was 
0.4% for the 5%-V:HAp 

calcined at 400 °C

[141]

Amorphous Fe 
(III)-substituted 

HAp 

Ion-exchange 
method

rhodamine B 

 1.00 g of HAp 
was dispersed in 

100 mL of 0.05 M 
Fe(NO3)3 solution 

H2O2 (0.5 mM) existed, 
86% of RhB was 
degraded after the 

240 min irradiation

[143]

HAp-T Sol-gel route methylene blue /
The degradation 

efficiency after 10 cycles 
of reuse was ~84.5%

[145]

g-C3N4/HAp
Facile 

hydrothermal 
procedure

tetracycline 
g-C3N4 (1.5 wt.%)/

HAp

   TC can be totally 
degraded by g-C3N4/HAp 

photocatalysts within 
15 min

[146]

HAp-ZrO2

Sonochemical 
method

phenol /
degradation of phenols 

(above 95%)
[147]

Ag3PO4/HAp coprecipitation rhodamine B / / [148]
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6.2 Section summary

          In this section, we introduce the  applications of  HAp-based composites with photocatalytic 
effect for degrading the organic pollutants in waste water. Further studies can be made between 
preparation, properties and specific applications. The deep connection among chemical 
composition, microstructure, band structure and photocatalytic material system is still need to 
be studied to improve the photocatalytic performance of HAp composites in a greater extent. 
In addition, the photocatalytic application regions of HAp should be extended to promoting 
its commercial application.

7. Chapter summary

 HAp, its modification and composites are still significant important in research fields. 
HAp has been extensively used as a biomaterial because it has similar chemical composition 
with the inorganic part of natural bone. However, due to its unique microstructures, HAp 
has attracted broad attentions and has been studied and applied in many other fields besides 
biomedical materials, such as the environmental monitoring and treatment. For example, HAp 
can be used as a gas sensing material for detecting the environmental gases, an electrochemical 
sensor for detecting the heavy metals or inorganic substances in aqueous solution, an adsorbent 
for removing heavy metals in waste water and soil remediation, as well as a photocatalyst 
for degrading organic pollutants in waste water. However, the application fields of HAp 
are not limited to the content described in this chapter. Thus, HAp is a very important and 
promising material. However, in the future, more efforts are still needed to be made to 
promote the transformation of scientific research achievement into the commercial products 
by the researchers from both of the academic and industrial fields. Thus, more works are still 
needed to be done in order to meet the requirements of commercial application including fully 
understanding the mechanisms, improving the properties, performance, efficiency and stability 
of the product, and reducing the cost of the product, and so on.
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