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Hydroxyapatite (Ca10(PO4)6(OH)2), a calcium phosphate biomaterial, is a very promising candidate for the treatment of air, water and soil pollution. Indeed, hydroxyapatite (Hap) can be extremely useful in the field of environmental management, due in one part to its particular structure and attractive properties, such as its great adsorption capacities, its acid-base adjustability, its ion-exchange capability and its good thermal stability. Moreover, Hap is able to constitute a valuable resource recovery route. The first part of this review will be dedicated towards presenting Hap's structure and defining properties that result in its viability as an environmental remediation material. The second will focus on its use as adsorbent for wastewater and soil treatment, while indicating the mechanisms involved in this remediation process. Finally, the last part will impart all findings on Hap's applications in the field of catalysis, whether it be as catalyst, as photocatalyst, or as active phase support. Hence, all of the above will have served in showcasing the benefits gained by employing hydroxyapatite in air, water and soil clean-up.

Introduction

Calcium phosphates form a privileged class of biomaterials because of their good biocompatibility, their possibility of biodegradability and their possible bioreactivity. Depending on the Ca/P ratio, several families of calcium orthophosphates can be defined such as pyrophosphate (Ca/P = 1), octacalcium phosphate (Ca/P = 1.33), tricalcium phosphate (Ca/P = 1.5), hydroxyapatite (Ca/P = 1.67) and tetracalcium phosphate (Ca/P=2).

Calcium phosphates are part of the apatites of the general formula Me10(XO4)6Y2 and which crystallize in the hexagonal system (space group: P6 3/m), where:

• Y is a site occupied by an anion that is often monovalent (F -, HO -, Cl -...) and sometimes bivalent (O 2-, CO3 2-...). Vacancies can also be found on the Y site.

The most common natural apatites are calcium phosphates of stoichiometry close to the general formula Ca10(PO4)6Y2 where Y = HO -, F -, Cl -, where the fluoroapatite (Y = F -) is the most thermodynamically stable.

Hydroxyapatite (Hap), whose general formula is Ca10(PO4)6(OH)2, is the primary mineral component of bone and teeth and the main factor responsible for their hardness and strength. This bio-inspired material is of great interest in many fields because of its remarkable structure and inherent properties. To cite a few, hydroxyapatite is considered to be very valuable for medical purposes in which it can be used as bone repairing material [START_REF] Ioku | Tailored bioceramics of calcium phosphates for regenerative medicine[END_REF]- [START_REF] Mondal | Natural origin hydroxyapatite scaffold as potential bone tissue engineering substitute[END_REF] or as biocompatible coating for bioimplant materials that suffer from high degradation rate [START_REF] Surmeneva | Bone marrow derived mesenchymal stem cell response to the RF magnetron sputter deposited hydroxyapatite coating on AZ91 magnesium alloy[END_REF], [START_REF] Surmeneva | Ultrathin film coating of hydroxyapatite (HA) on a magnesium-calcium alloy using RF magnetron sputtering for bioimplant applications[END_REF]. Moreover, Hap finds many applications in pharmaceutical industries where it is applied as a protein delivery media [START_REF] Fu | Evaluation of BSA protein release from hollow hydroxyapatite microspheres into PEG hydrogel[END_REF], [START_REF] Swain | Study of BSA protein adsorption/release on hydroxyapatite nanoparticles[END_REF] and drug releasing agent [START_REF] Palazzo | Controlled drug delivery from porous hydroxyapatite grafts: An experimental and theoretical approach[END_REF]- [START_REF] Son | Porous hydroxyapatite scaffold with three-dimensional localized drug delivery system using biodegradable microspheres[END_REF]. Hap is also substantially used in chemical industries where chromatography on hydroxyapatite columns constitutes a powerful technique for separation of proteins and nucleic acids [START_REF] Cummings | Chapter 24 Protein Chromatography on Hydroxyapatite Columns[END_REF], [START_REF] Tibbetts | Hydroxyapatite chromatography and formamide denaturation of adenovirus DNA[END_REF]. On the other hand, regarding the pollution control field, which is the topic of this review, seeing as nowadays more and more efforts are being made towards environmental remediation industry [START_REF] Condit | Global trends in the environmental remediation industry[END_REF], with the focus being shifted towards the development of new and improved ways of eliminating air [START_REF] Wu | Recent progress and perspectives in biotrickling filters for VOCs and odorous gases treatment[END_REF], soil [START_REF] Shaaban | A concise review of biochar application to agricultural soils to improve soil conditions and fight pollution[END_REF], [START_REF] Wlóka | The efficiency and economic aspects of phytoremediation technology using Phalaris arundinacea L. and Brassica napus L. combined with compost and nano SiO2 fertilization for the removal of PAH's from soil[END_REF] and water [START_REF] Holkar | A critical review on textile wastewater treatments: possible approaches[END_REF], [START_REF] Kumari | Performance of various catalysts on treatment of refractory pollutants in industrial wastewater by catalytic wet air oxidation: A review[END_REF] pollution, the use of Hap can prove to be highly benefic for the removal of contaminants present in gas, liquid and solid phases.

We should mention that while a review covering the syntheses, structure and applications of this calcium phosphate in heterogeneous catalysis has been recently published [START_REF] Fihri | Hydroxyapatite: A review of syntheses, structure and applications in heterogeneous catalysis[END_REF], there has not been yet a publication that explores this biomaterial in all three of air, water and soil decontamination processes, while also showing Hap's excellent performance even when obtained from natural sources.

Therefore, this present review will not go into the different methods and techniques of synthesizing hydroxyaptite, for the reason that this has already been largely discussed in previous reviews [START_REF] Fihri | Hydroxyapatite: A review of syntheses, structure and applications in heterogeneous catalysis[END_REF]- [START_REF] Prakasam | Fabrication, properties and applications of dense hydroxyapatite: a review[END_REF]. It will instead report both old and recent works that have been done on the usage of hydroxyapatite, with the purpose of controlling and reducing the risks posed by the presence of hazardous materials in the environment. In fact, employing hydroxyapatite in air, water and soil clean-up will not only constitute a sustainable, safe and clean method for pollutants' removal from contaminated sites, but also make up for a valuable resource recovery route, since Hap can be successfully obtained from biological sources, such as mineral rocks, plants…, and more importantly from waste, among which essentially figure animal bones (fish bones, chicken bone …), as well as biogenic products (eggshells, mussel shells …).

To put it concisely, this review will begin, firstly, by providing an insight into the structure and defining properties of hydroxyapatite in order to better understand its significant value and vital contribution to the field of environmental management. Secondly, a presentation of the use of hydroxyapatite as adsorbent for wastewater and soil treatment will give adequate knowledge of the process involved in such remediation methods, thus, emphasizing the crucial role played by the apatitic compound on the procedure's outcome in regards to viability and efficiency. Finally, an extensive survey of the various applications of Hap in catalysis, first as a catalyst, second as a photocatalyst, and thirdly as the active phase support, will allow highlighting the diversified and numerous practical applications of this calcium phosphate complex in catalytic reactions, showcasing its contribution in attaining better catalytic performances.

Hydroxyapatite material 2.1. Structure

Hap crystallizes in the hexagonal system (P63/m space group) and the approximate lattice parameters are: a = 9.37 Å and c = 6.88 Å. It is important to note that there are two crystallographically different Ca atoms. Hence, the general formula of the Hap can be rewritten as Ca(I)4Ca(II)6(PO4)6(OH)2 . In fact, as can be seen in Figure 1, the framework of hydroxyapatite can be described as a compact assemblage of tetrahedral PO4 groups where each PO4 tetrahedron is shared by one column, and delimit two types of unconnected channels. The first channel has a diameter of 2.5 Å and is bordered by Ca 2+ ions (denoted Ca (I)). The second type, which plays an important role in the acid-base and electrical properties of apatitetype solids, has a diameter of around 3.5 Å, is bordered by triangular Ca 2+ ions (denoted Ca(II)), and hosts the OH groups along the c-axis in order to balance the positive charge of the matrix [START_REF] Elliott | Apatite structures[END_REF]- [START_REF] Pasteris | Structurally incorporated water in bone apatite: A cautionary tale[END_REF].

Figure 1. Illustration of the structure of hydroxyapatite. From reference [START_REF] Brunton | Treatment of early caries lesions using biomimetic self-assembling peptides-a clinical safety trial[END_REF].

The aforementioned Hap allows large variations in compositions, and, as a matter of fact, can be a highly non-stoichiometric solid. Stoichiometric Hap (Hap-S) has the chemical formula Ca10(PO4)6(OH)2 where the ratio Ca/P is of 1.67. Calcium deficient Hap (Hap-D) has a Ca/P ratio less than 1.67 and its chemical formula is Ca10-x(HPO4)x(PO4)6-x(OH)2-x with 0 < x < 1, and finally carbonate-rich hydroxyapatite (Hap-E) with the chemical formula Ca10-x(PO4)6-x(CO3)x(OH)2-x, or Ca10-yNay[(PO4)6-y(CO3)y][(OH)2-2x(CO3)x] in case sodium is present, has a Ca/P ratio higher than 1.67 [START_REF] Chlala | Toluene total oxidation over Pd and Au nanoparticles supported on hydroxyapatite[END_REF], [START_REF] Nishikawa | Oxidative decomposition of volatile organic compounds using thermally-excited activity of hydroxyapatite[END_REF].

Furthermore, Hap is poorly soluble in water and insoluble in alkaline solutions. It is, however, soluble in acids because both PO4 3 and HO react with H + [START_REF] Meza | Nano hydroxyapatite crystals obtained by colloidal solution[END_REF], [START_REF] Li | Structure design and fabrication of porous hydroxyapatite microspheres for cell delivery[END_REF]:

Ca10(PO4)6(OH)2 + 14 H + → 10 Ca 2+ + 6 H2PO4 + 2 H2O (1)

This apatitic biomaterial has attracted much attention in numerous applications due to its varied useful properties, which we will strive to clearly outline in the upcoming part.

Properties

Adsorption capacities

The adsorption properties of a material are of significance when exploring environmental remediation technologies and the catalytic activity of heterogeneous surfaces. Indeed, on the one hand, the adsorbent material can contribute to the removal of pollutants by retaining them on its surface, and on the other hand, it can facilitate the catalytic process seeing as an adsorption followed by an activation of the reactants on the surface of catalysts constitutes a critical step in catalytic reactions.

It is well-known that hydroxyapatite possesses great adsorption capacities, a property which favored its use in chromatographic columns for the separation of proteins, nucleic acids and viruses [START_REF] Cummings | Chapter 24 Protein Chromatography on Hydroxyapatite Columns[END_REF], [30]- [START_REF] Kawasaki | Hydroxyapatite high-performance liquid chromatography: column performance for proteins[END_REF].

Indeed, literature reports Hap as having two distinct binding sites, C and P sites, present on its surface. C sites, which consists of calcium ions are positively charged, and preferentially adsorb acid molecules, while P sites which consists of phosphate groups are negatively charged, and preferentially adsorb basic molecules [START_REF] Kandori | Effects of heat treatment of calcium hydroxyapatite particles on the protein adsorption behavior[END_REF], [START_REF] Yin | Impacts of the surface charge property on protein adsorption on hydroxyapatite[END_REF].

In addition, hydroxyapatite presents two types of crystal planes, each displaying its characteristic atomic arrangement. In fact, whereas the a(b)-planes expose, primarily, positively charged Ca ions, the c-planes expose negatively charged phosphate and hydroxyl groups. This fact encouraged researchers to examine the possibility of obtaining a selective adsorption behavior, depending on the orientation of prepared Hap material. The work of Zhuang et al. [START_REF] Zhuang | Protein adsorption on single-crystal hydroxyapatite particles with preferred orientation to a (b)-and c-axes[END_REF], demonstrated the validity of this hypothesis, since the study of the adsorption of bovine serum albumin (BSA), an acidic protein, and lysozyme (LSZ), a basic protein, onto synthesized Hap particles with preferred orientation to the c-and a(b)-axes, resulted in a high specificity for the adsorption of BSA and LSZ, on a-and c-oriented hydroxyapatite, respectively.

Furthermore, an investigation conducted by Kandori et al. [START_REF] Kandori | Effects of heat treatment of calcium hydroxyapatite particles on the protein adsorption behavior[END_REF] on the influence of heat treatment on the protein sorption properties of Hap, revealed an enhanced adsorption performance of acidic and basic proteins that comes with the sintering of this material, as can be clearly seen in Figure 2. This was ascribed to an increase of calcium and phosphate ions in the media (Figure 2), generated by the formation of βtricalcium phosphate, β-Ca3(PO4)2. As a matter of fact, seeing as these ions are considered to be binding sites between non-neutral proteins (such as BSA and LSZ) and Hap surfaces, it could be easily understood how a rise of their amount could lead to an enhanced adsorption behavior (contrarily to what is noted in the case of neutral myoglobin MGB). Moreover, it is really important to realize that based on the properties of the adsorbate, it is possible to improve Hap's adsorption performances by simply adjusting certain parameters to better fit the required application. For example, a most influential parameter that should be taken into account when synthesizing Hap in the aim of utilizing its adsorption properties, is the molar ratio Ca/P. A variation of this ratio could either enhance or worsen Hap's adsorption efficiency, depending on the acido-basicity nature of the adsorbate. Since an increase of the molar ratio Ca/P would be beneficial in the case of an acidic molecule's adsorption, yet disadvantageous in the adsorption of a basic compound [START_REF] Swain | Study of BSA protein adsorption/release on hydroxyapatite nanoparticles[END_REF].

Acid-base adjustability

In the field of heterogeneous catalysis, the acid-base properties of solid catalysts are known to play a keyrole in their catalytic performance; the number and strength of the acid/base sites being crucial factors driving the activity and selectivity of many catalytic reactions, not only in acid-base transformations but also in reduction and oxidation reactions.

Hap has the rare property of containing both acid and basic sites in its inherent structure. This property is strongly correlated to the Ca/P atomic ratio in the calcium phosphate compound. Thus, it can be modified accordingly in order to obtain the desired acidic and/or basic function [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF], [START_REF] Lamonier | Specific tuning of acid/base sites in apatite materials to enhance their methanol thiolation catalytic performances[END_REF].

In fact, the higher the Ca/P ratio is, the lower the acid site density and the higher the basic site density is. Indeed, at Ca/P ratio of 1.50, Hap acts as an acid catalyst. However, when Ca/P = 1.67, hydroxyapatite demonstrates basic behavior; and so, when the Ca/P ratio is between 1.50 and 1.67, Hap develops both acidic and basic attributes. Therefore, deficient Haps are considered to be acid solids, and the nearer we draw to the stoichiometric apatite (predominantly basic) the more basic the solids are. This was verified by various authors through different Hap catalyzed reactions. Studies of the reactivity of ethanol over hydroxyapatite revealed an association between the Ca/P ratio of Hap catalysts and selectivity to certain products [START_REF] Tsuchida | Reaction of ethanol over hydroxyapatite affected by Ca/P ratio of catalyst[END_REF], [START_REF] Silvester | Reactivity of ethanol over hydroxyapatite-based Ca-enriched catalysts with various carbonate contents[END_REF]. Ethylene was the main product when the Ca/P ratio of the catalysts was low (Ca/P ratio of 1.50), the acid solid catalyzing predominantly the dehydration reaction, whereas the best selectivity for 1,3-butadiene was observed for Ca/P ratio of 1.62, where the apatitic structure displayed a relative balance of acid and basic sites. On the other hand, acetaldehyde, the dehydrogenation product of ethanol, was mainly produced over Hap catalysts with high Ca/P ratios. Other reactions were also examined and exhibited many similarities to the one described previously [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF], [START_REF] Lamonier | Specific tuning of acid/base sites in apatite materials to enhance their methanol thiolation catalytic performances[END_REF], [START_REF] Kibby | Dehydrogenation of alcohols and hydrogen transfer from alcohols to ketones over hydroxyapatite catalysts[END_REF].

In order to better understand the correlation between the Ca/P ratio and the acid-base properties, it is important to note that the acidity of Hap derives from two types of acid sites: Brönsted acid sites and Lewis acid sites, illustrated by Silvester et al. [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF] in Figure 3. HPO4 2-species act as the former while Ca 2+ or HO -vacancies result in the latter. This explains why calcium-deficient apatite HapD has a higher number of acid sites. This is due to the contribution from HPO4 2-groups, abundantly present in this type of apatite, or HO -vacancies. Hence, HapD is more acid and contains more Brönsted acid sites, when compared to stoichiometric and calcium-rich hydroxyapatite [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF], [START_REF] Tsuchida | Reaction of ethanol over hydroxyapatite affected by Ca/P ratio of catalyst[END_REF], [START_REF] Diallo-Garcia | Identification of Surface Basic Sites and Acid-Base Pairs of Hydroxyapatite[END_REF]. What is more, regarding water decontamination processes which involve, among other things, metal trapping on a suitable adsorbent material, surface properties such as surface acido-basicity of the Hap matrix can play an important role in determining the predominance of a particular metal immobilization mechanism. Hence, it was useful to not only measure the acid-base properties of hydroxyapatite in air [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF] but also in water [START_REF] Ferri | In-depth study of the mechanism of heavy metal trapping on the surface of hydroxyapatite[END_REF], since it would serve to evaluate the characteristics of Hap's surface under real working conditions (decontamination of metal-polluted waters). Surface acid and basic sites of hydroxyapatite solid can be measured in gas phase by Thermo-Programmed Desorption of NH3 (TPD-NH3) and of CO2 (TPD-CO2), respectively, whereas in liquid phase, they can be assessed by titration with solutions of 2-phenylethylamine (PEA) and benzoic acid (BA), respectively. Interestingly, researchers found that even though stoichiometric Hap is a basic rather than an acidic material, in water it only exhibits acidic property because Hap's basic sites are too weak to provide it with lively basicity [START_REF] Ferri | In-depth study of the mechanism of heavy metal trapping on the surface of hydroxyapatite[END_REF].

An additional noteworthy point to consider is the possibility of tuning the surface's acido-basicity by cationic and anionic substitutions [START_REF] Silvester | Structural, textural and acid-base properties of carbonate-containing hydroxyapatites[END_REF], [START_REF] Lamonier | Specific tuning of acid/base sites in apatite materials to enhance their methanol thiolation catalytic performances[END_REF], [START_REF] Oh | Influences of cation and anion substitutions on oxidative coupling of methane over hydroxyapatite catalysts[END_REF]- [START_REF] Oh | Catalytic consequences of cation and anion substitutions on rate and mechanism of oxidative coupling of methane over hydroxyapatite catalysts[END_REF]. For example, the addition of sodium ions causes a slight increase in the basicity of hydroxyapatite materials [START_REF] Lamonier | Specific tuning of acid/base sites in apatite materials to enhance their methanol thiolation catalytic performances[END_REF], whereas acidity is largely enhanced by replacing HO -by CO3 2-anions [START_REF] Resende | Effects of anion substitution on the acid properties of hydroxyapatite[END_REF]. As a matter of fact, this remarkable substitution aptitude will be further discussed below.

Ion-exchange capability

Ion-exchange is one of the most common and effective treatment methods used in pollution control.

Through the removal of hazardous ionic impurities and the recovery of toxic and valuable metals from hostile surroundings (nuclear waste), ion-exchange materials play an increasing role in waste minimization and management. This is why it is important to mention that the apatite lattice is very flexible. Thus, it is very tolerant of substitutions and allows the presence of defects and vacancies. The substitution can occur in either the cationic or the anionic sites. When it comes to the first one, calcium ions can be replaced by different metal ions such as transition metals [START_REF] Tounsi | Copper loaded hydroxyapatite catalyst for selective catalytic reduction of nitric oxide with ammonia[END_REF]- [START_REF] Wakamura | Surface structure and composition of calcium hydroxyapatites substituted with Al (III), La (III) and Fe (III) ions[END_REF] (Cu 2+ , Mn 2+ , Ni 2+ , Zn 2+ , Cd 2+ , Co 2+ …), alkaline earth metals [START_REF] Zhu | Preferential occupancy of metal ions in the hydroxyapatite solid solutions synthesized by hydrothermal method[END_REF], [START_REF] Laurencin | Magnesium incorporation into hydroxyapatite[END_REF] (Mg 2+ , Sr 2+ , Ba 2+ …) and many other cations [START_REF] Zhu | Preferential occupancy of metal ions in the hydroxyapatite solid solutions synthesized by hydrothermal method[END_REF], [START_REF] Kandori | Effects of modification of calcium hydroxyapatites by trivalent metal ions on the protein adsorption behavior[END_REF] (Pb 2+ , Al 3+ , La 3+ …) .

However, the determination of the occupation site remains delicate. Indeed, as explained above, there are two types of nonequivalent sites when it comes to calcium ions denoted Ca(I) and Ca(II). Discerning an ion's preferential position requires better understanding of the parameters that govern a cation's affinity to a specific site. According to Zhu et al. [START_REF] Zhu | Preferential occupancy of metal ions in the hydroxyapatite solid solutions synthesized by hydrothermal method[END_REF], the preferential occupancy of metal ions can be explained mainly by ionic radius and electronegativity of the metal ions, Ca(II) sites being preferentially occupied by cations with bigger ionic radius or electronegativity than Ca 2+ . Hence, these authors were able to illustrate the reason for all of Cd 2+ (similar ionic radius but bigger electronegativity), Sr 2+ (similar electronegativity but bigger ionic radius) and Pb 2+ ions (bigger ionic radius and electronegativity) preferential occupancy of the Ca(II) sites in the apatite structure. These findings were also verified by other researchers [START_REF] Veselinović | Crystal structure of cobalt-substituted calcium hydroxyapatite nanopowders prepared by hydrothermal processing[END_REF], [START_REF] Opre | Promoted Ruhydroxyapatite: designed structure for the fast and highly selective oxidation of alcohols with oxygen[END_REF], [START_REF] Opre | Catalytic oxidation over transition metal containing hydroxyapatites[END_REF] who confirmed larger ions' stronger preference towards Ca(II) site and smaller ones towards the Ca(I) site and corroborated electronegativity's impact on the distribution of the cations between the two positions.

Moreover, it is important to discuss the factors that influence the facility of the exchange process. Following the results obtained from their work, Wakamura et al. [START_REF] Wakamura | Surface structure and composition of calcium hydroxyapatites substituted with Al (III), La (III) and Fe (III) ions[END_REF] were able to establish that the ionexchange with Ca 2+ seems to depend more on the cations' charge density than on its ionic radius, an ion with larger charge density displacing more easily calcium ions than an ion of a similar ionic size.

As for anionic substitutions, they involve either HO -or PO4 [START_REF] Suetsugu | Structure analysis of A-type carbonate apatite by a single-crystal X-ray diffraction method[END_REF], [START_REF] Fleet | Coupled substitution of type A and B carbonate in sodium-bearing apatite[END_REF]. Some studies went even further and identified three structural locations for the carbonate ions by differentiating between two types of channel positions: type A1 (apatite channel, oriented with two oxygen atoms close to the c-axis) and type A2 (stuffed channel position) [START_REF] Fleet | Accommodation of the carbonate ion in apatite: An FTIR and Xray structure study of crystals synthesized at 2-4 GPa[END_REF]. It was also shown that the location site of CO3 2-is strongly dependent on the synthesis method used to prepare carboapatites. In fact, type A apatite can be obtained by synthesizing the material at high temperature (∼900 °C) or by heating the hydroxyapatite in a CO2 atmosphere at temperatures of 900-1000 °C for 15-144 h, or also, by soaking stoichiometric Hap in an aqueous solution saturated in carbon dioxide for up to 2 months. Conversely, B type carbonated hydroxyapatite results from low temperatures (∼400 °C) synthesis by precipitation at elevated pH [START_REF] Resende | Effects of anion substitution on the acid properties of hydroxyapatite[END_REF], [START_REF] Gibson | Novel synthesis and characterization of an AB-type carbonatesubstituted hydroxyapatite[END_REF].

In short, Hap's ion exchange capacity has been widely explored in numerous works, in order to incorporate certain entities into the apatite structure [START_REF] Tounsi | Copper loaded hydroxyapatite catalyst for selective catalytic reduction of nitric oxide with ammonia[END_REF], [START_REF] Kandori | Effects of modification of calcium hydroxyapatites by trivalent metal ions on the protein adsorption behavior[END_REF], [START_REF] Opre | Promoted Ruhydroxyapatite: designed structure for the fast and highly selective oxidation of alcohols with oxygen[END_REF], [START_REF] Liu | Copper doping improves hydroxyapatite sorption for arsenate in simulated groundwaters[END_REF]- [START_REF] Masuyama | Hydroxyapatite-supported copper(II)-catalyzed azide-alkyne [3+2] cycloaddition with neither reducing agents nor bases in water[END_REF]. These added substances can alter the physicochemical properties of the material and its effectiveness, thus, inducing the enhancement of Hap's catalytic activity and performance all while maintaining its overall structure.

Thermal stability

Thermal stability is one of the determining factors of a catalyst lifetime, seeing as thermal sintering is a major cause of irreversible catalyst deactivation. Therefore, when choosing a material to be utilized in environmental remediation processes, its thermal stability is regarded as an important consideration.

Hence, it comes as a significant value that another primary characteristic of hydroxyapatite is its good thermal and chemical stability. In fact, it is one of the major reasons that make it an attractive material choice and an excellent candidate for biomedical applications [START_REF] Liu | Advanced Material Engineering[END_REF]- [START_REF] Yoruç | Comparison of Properties of Hydroxyapatite Powders Synthesized by Chemical and Biomimetic Techniques[END_REF]. Hap maintains its stability at a wide pH and temperature range. However, it is known to start to decompose into other phases such as tricalcium phosphate (TCP; Ca3(PO4)2) at temperatures higher than 800 °C [START_REF] Idrissi | A novel method to synthesize nanocrystalline hydroxyapatite: Characterization with X-ray diffraction and infrared spectroscopy[END_REF]- [START_REF] Alves | The Process of Separating Bovine Serum Albumin Using Hydroxyapatite and Active Babassu Coal (Orbignya martiana)[END_REF]:

Ca PO OH → 3 β-Ca PO + CaO + H O 2
Nevertheless, there are certain factors influencing Hap's stability and upon which the latter is intrinsically dependent. Indeed, among these factors figures the apatite's stoichiometry as well as the synthesis conditions. It has actually been reported that stoichiometry plays a key role in apatite's stability, nonstoichiometric hydroxyapatites (Ca/P ratios different from 1.67) being less thermally stable than stoichiometric ones. In fact, research has shown that Hap with Ca/P = 1.68 can reach temperatures up to 1450 °C without decomposing over a period of 3 h, consequently making stoichiometry a most looked-for criteria owing to the stability it provides at high temperatures [START_REF] Orlovskii | Hydroxyapatite and hydroxyapatite-based ceramics[END_REF]- [START_REF] Malina | Studies on sintering process of synthetic hydroxyapatite[END_REF]. Furthermore, Fang et al. [START_REF] Fang | Thermal stability of synthetic hydroxyapatite[END_REF] found an optimum thermal stability (up to 1370 °C) for Hap samples prepared by hydrothermal method, whereas Hap synthesized by hydrolysis of brushite started to decompose at about 700 °C. In a different study, calcium phosphates which were synthesized by a modified wet chemical precipitation route where calcium hydroxide was homogenized with planetary mill resulted in a highly thermally stable (up to 1300 °C) hydroxyapatite, hence, demonstrating the effect of synthesis parameters on the apatite's stability [START_REF] Salma | Calcium phosphate bioceramics prepared from wet chemically precipitated powders[END_REF].

Moreover, the incorporation of ions into the hydroxyapatite structure can also affect the crystal lattice properties, therefore enhancing or diminishing Hap's thermal and chemical stability. For example, the introduction of fluoride ions into the apatite lattice (Ca10(PO4)6(OH)2-2xF2x) with varying amounts (x = 0, 0.2, 0.4, and 1.0, in HA, HA02F, HA04F and FA, respectively) improves the thermal and chemical stability when x > 0.4 by hindering the decomposition process, as evidenced by Figure 4, and by ameliorating Hap's corrosion resistance [START_REF] Cai | Effect of fluorine incorporation on long-term stability of magnesium-containing hydroxyapatite coatings[END_REF]- [START_REF] Park | Biomaterials: An Introduction[END_REF]. Other substitutions can, on the contrary, reduce the material's stability by increasing its solubility such as strontium, magnesium, manganese and carbonate substitutions [START_REF] Ungureanu | Thermal stability of chemically precipitated hydroxyapatite nanopowders[END_REF]- [START_REF] Zilm | A Comparative Study of the Sintering Behavior of Pure and Manganese-Substituted Hydroxyapatite[END_REF]. 

Factors that make Hap an environment-friendly material

Hydroxyapatite is considered to be an environment-friendly material for many reasons, among which figure its non-toxicity and biocompatibility. This latter, combined with its excellent osteoconductive property, have led to Hap playing a vital role in clinical applications such as drug delivery [START_REF] Mondal | Recent progress on fabrication and drug delivery applications of nanostructured hydroxyapatite[END_REF], bone tissue regeneration [START_REF] Denry | Design and characterization of calcium phosphate ceramic scaffolds for bone tissue engineering[END_REF], as well as various other fields which help in reducing the environmental pollution. In fact, we will discuss, in detail, the use of hydroxyapatite in these ecologically related applications in the following section.

However now, we will focus more on another aspect that makes this calcium phosphate compound particularly attractive from an environmental point of view, besides its intrinsic properties and its environmental applications. It is actually its capacity to be derived from natural sources, and more precisely from waste. Indeed, Hap has been successfully obtained from animal waste such as fish bones [START_REF] Boutinguiza | Biological hydroxyapatite obtained from fish bones[END_REF]- [START_REF] Pal | Synthesis of hydroxyapatite from Lates calcarifer fish bone for biomedical applications[END_REF], chicken bone [START_REF] Rajesh | Chicken Bone as a Bioresource for the Bioceramic (Hydroxyapatite)[END_REF], fish scales [START_REF] Piccirillo | Hydroxyapatite and chloroapatite derived from sardine by-products[END_REF], [START_REF] Muhammad | Extraction of biocompatible hydroxyapatite from fish scales using novel approach of ionic liquid pretreatment[END_REF]- [START_REF] Chai | Simple preparation of hydroxyapatite nanostructures derived from fish scales[END_REF], eggshells [START_REF] Abdulrahman | From garbage to biomaterials: an overview on egg shell based hydroxyapatite[END_REF]- [START_REF] Baba | Synthesis of hydroxyapatite from waste egg-shell by Precipitation method[END_REF], and mussel shells [START_REF] Jones | Production of hydroxyapatite from waste mussel shells[END_REF], all of which were found to constitute important bioresources for hydroxyapatite production. Nonetheless, it is important to mention that hydroxyapatite derived from natural sources differ from synthetic Hap in terms of lower purity, higher degree of substitution and deficiency, lower specific surface area value (4.49 m 2 .g -1 for natural phosphates [START_REF] Kaluđerović Radoičić | In situ lead stabilization using natural and synthetic apatite[END_REF] while that of synthetic Hap can attain 100 m 2 .g -1 and more) and consequently, poorer sorption capacities [START_REF] Kaluđerović Radoičić | In situ lead stabilization using natural and synthetic apatite[END_REF]- [START_REF] Zhou | Preparation of nano-structured pig bone hydroxyapatite for highefficiency adsorption of Pb 2+ from aqueous solution[END_REF]. Indeed, bio-sources of Hap contain small amounts of inorganic compounds other than Hap, such as Ca4O(PO4)2, NaCaPO4, Ca3(PO4)2, CaO, and MgO. In addition, through Hap's substitution ability, natural apatite contains some fluoride or chloride in place of hydroxide and some metal ions (aluminum, iron, copper, zinc…) in place of Ca 2+ . Finally, organic matters are also present within natural apatitic materials. All of these alterations in the compound's purity and therefore in the obtained Ca/P value [START_REF] Kaluđerović Radoičić | In situ lead stabilization using natural and synthetic apatite[END_REF], [START_REF] Haberko | Natural hydroxyapatite-its behaviour during heat treatment[END_REF], can have a direct influence on the efficiency of hydroxyapatite used in environmental remediation applications. This is why, a pre-treatment of naturally derived Hap is usually conducted before its use, in order to eliminate remaining organic matter and attain a pure hydroxyapatite phase, which would result in a Hap material with comparable properties and efficiency as synthetic hydroxyapatite.

What is important to understand is that this generation of Hap from waste does not only offer economic benefits since it relies on the use of cheap, natural and undesirable materials, but also, contributes in achieving a sustainable development by being an active part in the global waste management process. In other words, solids which would have accumulated, creating thus a pollution source, endangering human, animal and vegetation's health, are in this way being utilized for the production of very sought-out product.

All of the above cited factors lead to hydroxyapatite being branded an environment-friendly material. As mentioned before, we will present thoroughly, in the remaining part of this review, the different environmentally related applications of Hap.

3. Hap as adsorbent for wastewater and soil treatment

Metals removal

Heavy metals are recognized for being a serious threat to plants, animals and even humans because of their bioaccumulation, non biodegradable property and toxicity even at low concentrations. Therefore, the removal of heavy metal ions from aqueous solutions and contaminated grounds has become an environmental necessity, requiring the setting up of treatment technologies and decontamination processes. Among the available techniques, sorption proves to be a very efficient, economical and simple method to perform. Hydroxyapatite makes for a perfect choice of sorbent for long-term containment of pollutants seeing as this mineral material possesses the following excellent properties: non-toxic, inexpensive and readily available, high adsorption capacity, low water solubility, and high stability under reducing and oxidizing conditions.

Indeed, Hap turned out to be very efficient in immobilizing metals such as: Cr, Pb, Cd, Ni, Zn, Al, Cu, Fe, Co, Mn, and Fe [START_REF] Ferri | In-depth study of the mechanism of heavy metal trapping on the surface of hydroxyapatite[END_REF], [START_REF] Flores-Cano | Adsorption mechanism of Chromium(III) from water solution on bone char: effect of operating conditions[END_REF]- [START_REF] Lee | The removal of heavy metals using hydroxyapatite[END_REF], as well as many others. Nonetheless, it is worth mentioning that in the work of Mobasherpour et al. [START_REF] Mobasherpour | Comparative of the removal of Pb 2+ , Cd 2+ and Ni 2+ by nano crystallite hydroxyapatite from aqueous solutions: Adsorption isotherm study[END_REF] hydroxyapatite exhibited preferential adsorption of some cations over others, because of its greater affinity to said cations. In fact, the removal capacity of Pb 2+ , Cd 2+ and Ni 2+ increased in the following order: Pb 2+ > Cd 2+ > Ni 2+ . Several hypotheses were given to explain this tendency of cation preference. One was the difference in the acidity strength among these ions. Pb 2+ is considered a borderline hard Lewis acid, while Cd 2+ and Ni 2+ are classified among the soft Lewis acids. Seeing as the phosphate and hydroxyl groups in hydroxyapatite are hard Lewis bases, this would explain this material's higher affinity for lead cations. Another reason for the preferential adsorption of Pb 2+ on Hap would be its higher electronegativity, compared to that of Cd and Ni, a factor which would facilitate surface complexation reactions. Besides, based on LeGeros and Legeros [START_REF] Legeros | Phosphate minerals in human tissues[END_REF], cations with ionic radii bigger than Ca 2+ (0.099 nm) are more likely to be incorporated into Hap's structure than cations with similar or smaller ionic radii. Since the ionic radii of Pb 2+ , Cd 2+ and Ni 2+ are, respectively, 0.118 nm, 0.097 nm and 0.072 nm, it is more than logical to obtain the sequence of preferential adsorption cited above.

In addition, one important factor which may influence Hap's sorption capacities is its degree of crystallinity. A correlation between the crystallinity of hydroxyapatite and its ion adsorption behaviour was actually found in a study conducted by Stötzel et al. [START_REF] Stötzel | Ion adsorption behaviour of hydroxyapatite with different crystallinities[END_REF]. These authors stated that a decrease of Hap's crystallinity (crystallinity = 95, 65, 22 and 0 %, in the case of powders calcined at 1000 °C, calcined at 700 °C, mesocrystalline and nanocrystalline powders, respectively), leading to a growth of its specific surface area, is beneficial to this material's sorption properties and its ability to remove heavy metal ions, as evidenced by Figure 5. Furthermore, this work revealed that nanocrystalline hydroxyapatite powder outperforms activated carbon in the removal of both divalent metals examined in their study (Pb 2+ and Zn 2+ ) by nearly one-order of magnitude, all of which demonstrates the attractiveness of this apatitic sorbent as a heavy metal immobilizer.

Another element able to affect hydroxyapatite's performance as an adsorbent material is the alteration of its Ca/P molar ratio, which would cause a modification of its surface properties, such as the typology and location of carbonate species present in Hap. Indeed, depending on the nature of the polluting metal this could be a determining point of the metal removal efficiency of the Hap solid [START_REF] Campisi | Tailoring the structural and morphological properties of hydroxyapatite materials to enhance the capture efficiency towards copper(II) and lead(II) ions[END_REF].

Moreover, when compared to other phosphate containing materials (phosphate rock, triplesuperphosphate, and diammonium phosphate), the activity of Hap surpassed that of the rest of these mineral solids in its aptitude to lessen the bioavailability of studied metals (cadmium, lead, and zinc) in an artificially metal-contaminated soil [START_REF] Chen | Evaluation of different phosphate amendments on availability of metals in contaminated soil[END_REF]. We should mention that even when prepared from waste materials such as phosphogypsum waste [START_REF] Mousa | Removal of lead ions using hydroxyapatite nanomaterial prepared from phosphogypsum waste[END_REF] and waste oyster shells [START_REF] Lee | The removal of heavy metals using hydroxyapatite[END_REF], hydroxyapatite proved to be an economical and efficient sorbent for heavy metals encountered in wastewater. Na, Mg, Al, K, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Sr, Mo, Rb, Ag, Cd, Te, Ba, Tl, Bi, Pb, U; this solution being diluted with double distilled water to concentrations of 100-1000 ppb) for 10 min. From reference [START_REF] Stötzel | Ion adsorption behaviour of hydroxyapatite with different crystallinities[END_REF].

Two mechanisms

An essential subject of many discussions concerning the use of Hap as sorbent material, was the manner in which hydroxyapatite would remove these unwanted metals. In the following section, we will detail two of the most significant mechanisms of metal adsorption, knowing that there are others less commonly mentioned (surface complexation, solid diffusion…). According to literature, among the various heavy metals which sorption mechanism was studied in the presence of a hydroxyapatite solid, one stands out as being primarily immobilized through a dissolutionprecipitation mechanism, and it is none other than lead [START_REF] Ma | In Situ Lead Immobilization by Apatite[END_REF], [START_REF] Ma | Effects of aqueous Al, Cd, Cu, Fe (II), Ni, and Zn on Pb immobilization by hydroxyapatite[END_REF], [START_REF] Ma | Effects of NO3 -, Cl -, F -, SO4 2-, and CO3 2on Pb 2+ immobilization by hydroxyapatite[END_REF], [START_REF] Chen | Evaluation of heavy metal remediation using mineral apatite[END_REF], [START_REF] Srinivasan | Cadmium and lead ion capture with three dimensionally ordered macroporous hydroxyapatite[END_REF]. Indeed, it has been proven throughout several studies that the removal process of Pb ions occurs mainly by the dissolution of hydroxyapatite and the formation of a lead-phosphate material. Though, depending on the anions present in the solution, the nature of the new crystal formed can vary, without affecting, however, the Hap's lead removal ability. Indeed, based on the work of Ma et al. [START_REF] Ma | Effects of NO3 -, Cl -, F -, SO4 2-, and CO3 2on Pb 2+ immobilization by hydroxyapatite[END_REF], hydroxyapatite was able to immobilize Pb 2+ cations in the presence of NO3 , Cl , F , SO4 2 , and CO3 2 anions, establishing once and for all its great potential for being used in removing Pb 2+ from contaminated wastes, where such anions are bound to be present. The only variation noted when adding these anions to the media was the nature of lead precipitate obtained. While hydroxypyromorphite [Pb5(PO4)3OH] was formed in the presence of NO3 , SO4 2 , and CO3 2 , chloropyromorphite [Pb5(PO4)3Cl] and fluoropyromorphite [Pb5(PO4)3F] were formed in the presence of Cl and F , respectively.

Ion exchange

A different but equally common sorption mechanism is ion exchange, in which divalent metal ions (Me) substitute calcium ions present in the Hap lattice through a process represented by the following equation [START_REF] Stötzel | Ion adsorption behaviour of hydroxyapatite with different crystallinities[END_REF]:

Ca10(PO4)6(OH)2 + x Me 2+ → Ca10-xMex(PO4)6(OH)2 + x Ca 2+ (5)
When it comes to some metal ions such as cadmium [START_REF] Srinivasan | Cadmium and lead ion capture with three dimensionally ordered macroporous hydroxyapatite[END_REF], [START_REF] Del Rıo | Natural materials for treatment of industrial effluents: comparative study of the retention of Cd, Zn and Co by calcite and hydroxyapatite. Part I: batch experiments[END_REF], or nickel [START_REF] Mobasherpour | Removal of nickel (II) from aqueous solutions by using nano-crystalline calcium hydroxyapatite[END_REF] an ion exchange with Hap is rapid and more favorable to take place than a dissolution-precipitation process.

Interestingly enough, an investigation of the influence of the pH of the solution on the Hap uptake of the heavy metals present in the solution, could give an indirect indication on the sorption mechanism at play when it comes to each cation studied. For while a dissolution-precipitation process is facilitated in an acidic environment, an ion-exchange one is enabled in alkaline conditions. Indeed, Vila et al. [START_REF] Vila | Novel biopolymer-coated hydroxyapatite foams for removing heavy-metals from polluted water[END_REF], found that the efficiency of lead removal by Hap, which is conducted by dissolution-precipitation mechanism, was higher at low pH and decreased with increasing alkalinity. This is easily explained by the change in hydroxyapatite solubility with variable pH (Hap solubility decreases with increasing pH) which when lessened limits the amount of phosphate ions dissolved and therefore the amount available for the Pb precipitation process. On the other hand, Chen et al. [START_REF] Chen | Effects of pH on heavy metal sorption on mineral apatite[END_REF], who examined the effects of pH on heavy metal removal by mineral apatite, discovered that a low pH could be detrimental for the removal of cadmium and zinc from the solution, seeing as the sorption of theses cations on Hap was mainly conducted through a mechanism different than the dissolution-precipitation one, such as ion-exchange. Smičiklas et al. [START_REF] Smičiklas | The point of zero charge and sorption of cadmium (II) and strontium (II) ions on synthetic hydroxyapatite[END_REF], expended further on this notion. They explained that through an increase of the pH to the point where its value becomes higher than pHPZC (point of zero charge) of Hap, the latter's surface turns negative leading to a growth in electrostatic attraction forces acting between the surface and the cations present in metalized water, thus resulting in enhanced metals immobilization at higher pH.

Nuclear waste management

One of the emerging technologies for the remediation of radionuclides contaminated sites, as well as the safe management of long-lived nuclear wastes by storage in deep geological repositories is the use of permeable reactive barriers (PRBs). This notion of PRBs consists in placing an adequate reactive solid in contact with the nuclear waste. This chosen material should be capable of immobilizing the contaminant either by a sorption process or by chemically reacting with the contaminant, forming thus a less harmful substance. However, the materials selected to be utilized as PRBs need to conform to certain standards that are required of them, in order to be considered viable options for radioactive waste clean-up. These critical properties are the following: high retention capacity and chemical durability, or in other terms, an irreversibility of the retention process.

Since hydroxyapatite is able to immobilize various heavy metals into its structure via its ion-exchange properties or through a dissolution-precipitation mechanism, and since these apatitic sequestered metals are generally recognized as stable and resistant to leaching, Hap appears as an attractive PRB material. Besides, seeing as hydroxyapatite has a low cost and is widely available in the environment, its use as radionuclide sorbent seems like a cost-effective choice of PRB. Among the most problematic and common radionuclides, we can distinguish U, Cs, Sr and I, all of which were able to be efficiently removed by Hap [START_REF] Hasan | Overview on backfill materials and permeable reactive barriers for nuclear waste disposal facilities[END_REF]- [START_REF] Coulon | Durability testing of an iodate-substituted hydroxyapatite designed for the conditioning of 129I[END_REF], along with other radionuclides such as Np, Am, Pu and Co [START_REF] Rigali | Radionuclide removal by apatite[END_REF]. In fact, hydroxyapatite was found to exhibit a higher activity towards uranium removal compared to granulated activated carbon based sorbents confirming its great potential in the treatment of uranium contaminated sites [START_REF] Coleman | Granulated activated carbon modified with hydrophobic silica aerogel-potential composite materials for the removal of uranium from aqueous solutions[END_REF]. While some further investigations remain to be seen to, regarding the sorption mechanisms that are involved in the radionuclides' confinement in the apatitic matrix, as well as the Hap's leaching properties in relation to different radionuclides, there is no doubt that hydroxyapatite constitutes a viable candidate as repository nuclear waste form.

Inorganic elements removal

Just as heavy metals pose a major threat to human health, and to both animals and plants' well-being, some inorganic elements can be as equally dangerous. Such elements, qualified by the term of "trace elements", while considered to be beneficial, and even essential to living organisms in small concentrations, become severely poisonous when they exceed the recommended permissible level. A typical trace element is fluoride, whose positive impact on teeth is widely known. However, above a limited concentration, fluoride causes grave complications resulting in dental and skeletal disorders, as well as the development of lesions in different body organs. Many fluoride sorbents have been investigated and examined over the years, such as activated carbon, natural zeolites, activated alumina and others, yet were still found lacking due to their high upkeep costs, their unsatisfactory fluoride sorption performance (efficiency and selectivity), and finally adverse impact on water quality, all of which would raise the cost of treatment even more [START_REF] Gao | Size-dependent defluoridation properties of synthetic hydroxyapatite[END_REF]. Hence, hydroxyapatite stands out as an attractive option since it is a natural mineral component and so it can be easily produced from animal waste materials, which makes it economically practical and vastly available. Besides, Hap is known to possess high adsorption capacities and has no unfavorable effect on water quality. That is why hydroxyapatite has been used as a fluoride sorbent in contaminated waters.

It proved to be very efficient according to several studies on fluoride adsorption by Hap material in aqueous solutions [START_REF] Gao | Size-dependent defluoridation properties of synthetic hydroxyapatite[END_REF]- [START_REF] Fan | Adsorption kinetics of fluoride on low cost materials[END_REF]. Indeed, in a study conducted by Fan et al. [START_REF] Fan | Adsorption kinetics of fluoride on low cost materials[END_REF] where several materials were tested at a natural pH (pH = 6) in order to assess their fluoride removal capacity, hydroxyapatite was shown to have the highest uptake of fluoride among all the examined adsorbents. The adsorption capacities of the tested materials followed the order: Hydroxyapatite > Fluorspar > Quartz activated using ferric ions > Calcite > Quartz. It should be emphasized as well, that while hydroxyapatite was able to adsorb over 90 % of fluoride present in the solution, the second best adsorbent could only remove about 25 % of F -from the tested solution, evidencing thus Hap's excellent and superior sorption properties. In addition, Poinern et al. [START_REF] Poinern | Defluoridation behavior of nanostructured hydroxyapatite synthesized through an ultrasonic and microwave combined technique[END_REF], found that subsequent to the removal of fluoride, the obtained pH of the solution at equilibrium was of 6.6 which is within the standard pH range for potable water. This is extremely useful seeing as there would be no further need to adjust the pH for possible human consumption. Also, the study of Gao et al. [START_REF] Gao | Size-dependent defluoridation properties of synthetic hydroxyapatite[END_REF], showed that the de-fluoridation efficiency was sizedependent, meaning that Hap with smaller particle size were able to better remove fluoride than their bigger particle sized counterparts; this is noticeably outlined in Figure 6. Most importantly, in the work conducted as well by Gao et al. [START_REF] Gao | Study on the fluoride adsorption of various apatite materials in aqueous solution[END_REF], biogenic apatite and treated biogenic apatite exhibited comparable sorption performances to synthetic Hap, supporting the prospect of using hydroxyapatite prepared from waste materials in this process of fluoride decontamination. From reference [START_REF] Gao | Size-dependent defluoridation properties of synthetic hydroxyapatite[END_REF].

Another trace element, whose consumption is both essential and dangerous, depending on its concentration, is selenium. This element, or more precisely its more mobile anion, selenite (SeO3 2-), has been proven to be efficiently adsorbed on hydroxyapatite surface [START_REF] Kongsri | Nanocrystalline hydroxyapatite from fish scale waste: Preparation, characterization and application for selenium adsorption in aqueous solution[END_REF], [START_REF] Monteil-Rivera | Sorption of selenite (SeO3 2-) on hydroxyapatite: an exchange process[END_REF]. In the case of selenite, the reason behind Hap excellent ability to immobilize selenium in contaminated soils is, other than its high stability and low water solubility, its capacity to exchange its own anions (phosphate groups) with the contaminant (selenite anions). In fact, Monteil-Rivera et al. [START_REF] Monteil-Rivera | Sorption of selenite (SeO3 2-) on hydroxyapatite: an exchange process[END_REF] were able to confirm through experimental techniques that the selenium derived from the selenite captured by Hap, was localized in the normally phosphorus occupied sites. In addition, these authors also observed that the removal of selenite was lessened in the presence of phosphate in the solution. However, this contaminant's sorption was improved by the presence of additional Ca ions in the solution, an occurrence which is highly likely in the case of natural waters, making this behavior of Hap advantageous. On a final note, Kongsri et al. [START_REF] Kongsri | Nanocrystalline hydroxyapatite from fish scale waste: Preparation, characterization and application for selenium adsorption in aqueous solution[END_REF] who prepared Hap from fish scales, making this material even more cost-effective, found it to be an efficient adsorbent of selenite, and thus a viable candidate for wastewater treatment, which goes to show that not only is synthetic Hap an extremely promising material for inorganic elements removal, but its extraction from natural sources offers a similarly efficient yet less expensive alternative choice.

Organic compounds adsorbent

Among the most commonly encoutered toxic organic compounds, we cite dyes, contaminants which are heavily discharged by textile industries, and that are often released into the water systems, generating great environmental concern due to their toxicity, mutagenicity, non-biodegradability and the visibility problems they create. Amidst available adsorbents, the use of hydroxyapatite for the management of wastewater dye pollution represents a clean, non-toxic and an environmentally friendly choice, especially when prepared from animal waste products. That is what occurred in the work conducted by Adeogun et al. [START_REF] Adeogun | Biowaste-Derived Hydroxyapatite for Effective Removal of Reactive Yellow 4 Dye: Equilibrium, Kinetic, and Thermodynamic Studies[END_REF], in which these authors utilized a poultry eggshell derived Hap to eliminate Reactive Yellow 4 (RY4) dye, and found it to be an excellent inexpensive adsorbent of RY4 contaminants. Hap's ability to satisfactorily remove textile dyes was again showcased in a different study [START_REF] Barka | Removal of Reactive Yellow 84 from aqueous solutions by adsorption onto hydroxyapatite[END_REF] that demonstrated hydroxyapatite's potential in physisorbing another reactive dye, Reactive Yellow 84, from the media.

Other than organic dyes, the adsorption of fulvic acid (FA) was examined as well, when using a hydroxyapatite material as adsorbent [START_REF] Wei | Poorly crystalline hydroxyapatite: A novel adsorbent for enhanced fulvic acid removal from aqueous solution[END_REF]. FA's abundant presence in consumable water is extremely harmful, since, in addition to causing disorders all on its own, it also lessens the efficiency of water purification. Moreover it can react with the compounds used to treat consumable water, leading to cancerogenic by-products. Hap was found to be a viable and recyclable adsorbent for FA elimination from aqueous media. Furthermore, the mechanism of FA adsorption over Hap was ascribed to the surface complexation between the oxygen atom of functional groups of FA and calcium ions of hydroxyapatite. Also, Hap's adsorption efficiency increased with the decrease of its crystallinity. Most importantly, when its adsorption capacity was compared to those of formerly reported adsorbents, it was apparent that Hap exhibited a higher efficiency than many. Finally, Hap was shown to possess a great potential for the elimination of additional organic pollutants, namely nitrobenzene, a toxic and carcinogenic organic chemical, often discharged in the effluents originating from explosives, pesticides and plastic productions, and whose elimination from contaminated media by the use of hydroxyapatite is possible over a vast range of concentrations [START_REF] Wei | Removal of nitrobenzene from aqueous solution by adsorption on nanocrystalline hydroxyapatite[END_REF]. Also, studies showed that hydroxyapatite is capable of an efficient and rapid physisorption of phenol, an organic pollutant largely generated by coal conversion, petroleum refining and plastic industries, whose removal from wastewaters is an ecological necessity [START_REF] Lin | Study the adsorption of phenol from aqueous solution on hydroxyapatite nanopowders[END_REF].

In addition to apatites' numerous applications as adsorbents for the treatment of contaminated soils and waters, one more vital environmental aspect of hydroxyapatite is its considerable contribution in the field of catalysis. 

Hap in catalytic reactions

. Biodiesel production

Always in the aim of supporting a sustainable development, the substitution of fossil fuels, the reservoirs of which are rapidly decreasing, with biodiesel, an alternative fuel source, is a promising solution for sustainable energy production. Conventionally, homogeneous base/acid catalysts are used in the biodiesel synthesis process. However, due to the problems these type of catalysts generated (difficulty of separation, non-recyclability, …), researchers turned to heterogenous catalysts in order to simplify and lower the cost of production [START_REF] Farooq | Biodiesel production from low FFA waste cooking oil using heterogeneous catalyst derived from chicken bones[END_REF].

Among these heterogeneous catalysts, hydroxyapatite shows a good activity towards biodiesel production because of its acid-base properties, and more specifically in this case, its catalytically active basic sites [START_REF] Buasri | Natural Hydroxyapatite (NHAp) Derived from Pork Bone as a Renewable Catalyst for Biodiesel Production via Microwave Irradiation[END_REF], such as calcium oxide sites [START_REF] Obadiah | Biodiesel production from palm oil using calcined waste animal bone as catalyst[END_REF], [START_REF] Smith | Transesterification of soybean oil using bovine bone waste as new catalyst[END_REF]. What is more, a quality analysis of biodiesel produced when using Hap as catalyst was performed by Gupta et al. [START_REF] Gupta | Biodiesel Production from a Mixture of Vegetable Oils Using Marble Slurry Derived Heterogeneous Catalyst[END_REF], and when the results were compared with ASTM D67 Standard, they were found within the prescribed limit, as reported in Table 2.

Moreover, with the objective of reducing the cost even further, studies were conducted on the use of Hap derived from waste for the production of biodiesel. These studies have shown hydroxyapatite catalysts developed from waste materials to exhibit high catalytic activity with good biodiesel yield and good recyclability [START_REF] Farooq | Biodiesel production from low FFA waste cooking oil using heterogeneous catalyst derived from chicken bones[END_REF]- [START_REF] Smith | Transesterification of soybean oil using bovine bone waste as new catalyst[END_REF], [START_REF] Gupta | Marble slurry derived hydroxyapatite as heterogeneous catalyst for biodiesel production from soybean oil[END_REF], [START_REF] Yan | The utilization of hydroxyapatite-supported CaO-CeO2 catalyst for biodiesel production[END_REF]. It is also worth mentioning that in a study conducted by Yan et al. [START_REF] Yan | The utilization of hydroxyapatite-supported CaO-CeO2 catalyst for biodiesel production[END_REF] on the utilization of hydroxyapatite-supported CaO-CeO2 catalyst for biodiesel production, the biodiesel yield over pig bones derived hydroxyapatite catalyst (83.5 %) was found to be comparable to that obtained over a series of CaO-CeO2 catalysts supported on this animal waste derived Hap (85.4 % < yield < 91.8 %) and depending on the calcination temperature of the CaO-CeO2 impregnated catalyst, sometimes even slightly higher (yield = 82.8 % when calcined at 800 °C). All of the above goes to show the economic and ecological gain to be had by using hydroxyapatite as a catalyst in biodiesel production.

Table 2

Quality analysis of biodiesel. Adapted from reference [START_REF] Gupta | Biodiesel Production from a Mixture of Vegetable Oils Using Marble Slurry Derived Heterogeneous Catalyst[END_REF]. Volatile organic compounds (VOCs), emitted from a variety of sources including industrial processes and transportation activities, constitute a well-known class of air pollutants. One of the most effective, inexpensive and environmentally compatible solutions for the removal of these pollutants is their total oxidation in the presence of a catalyst. The advantages of catalytic oxidation on thermal oxidation are the reduction of energy consumption since the catalyst lowers the oxidation temperature, and the promotion of efficiency since it directs the selectivity towards the desired products (CO2 and H2O).

Among said VOCs, we recognize formaldehyde (HCHO), a short-chain oxygenated compound which is classified as being a carcinogenic VOC and thus a major hazard to human health. Although HCHO catalytic oxidation is usually carried out over precious metal catalysts such as platinum or palladium, recent studies have shown that hydroxyapatite is not just catalytically active in the combustion of formaldehyde but that it also exhibits an excellent performance at room temperature, which makes this non-precious metal catalyst an ideal candidate for HCHO removal [START_REF] Xu | Hydroxyapatite foam as a catalyst for formaldehyde combustion at room temperature[END_REF], [START_REF] Sun | Formaldehyde catalytic oxidation over hydroxyapatite modified with various organic molecules[END_REF]. Furthermore, when the activity of hydroxyapatite was compared with that of a supported precious metal catalyst, Pd (3 wt %) / γ-Al2O3, results revealed that at room temperature the conversion of formaldehyde was ca. 45% for Hap, only slightly lower than for the Pd catalyst (ca. 57%). However, while formaldehyde conversion over Hap remained stable at 45 % for the first 2 h of reaction at room temperature before dropping to 28 % after running for 10 h, the catalytic activity of Pd-based catalyst decreased rapidly from 57 % to 33 %. Finally but most importantly, Hap displayed higher mass-specific and turnover rate values than Pd (3 wt %) / γ-Al2O3; all of which goes to demonstrate hydroxyapatite's good catalytic performances (good activity and stability) when it comes to HCHO combustion under ambient conditions [START_REF] Xu | Hydroxyapatite foam as a catalyst for formaldehyde combustion at room temperature[END_REF]. It should be noted that Hap's catalytic activity was attributed to the hydroxyl groups bonded with the channel Ca 2+ . Indeed, these groups would play an important role in activating/oxidizing the formaldehyde compound, assisting thus the catalytic process.

Hap was, in addition, tested as a possible catalyst for the oxidation of other VOCs, namely gaseous toluene, ethyl acetate and iso-propanol [START_REF] Nishikawa | Oxidative decomposition of volatile organic compounds using thermally-excited activity of hydroxyapatite[END_REF], and was found equally active in the oxidative decomposition of these volatile organic compounds at 400-500 °C. In fact, in this case, the oxidation of the studied organic compounds was instigated by the activation of oxygen due to the electron trapped on vacancy in Hap, this electron being generated by thermal excitation.

On another note, chlorinated organic compounds, whose treatment is vital in order to prevent their harmful effects on the environment and health, have also found a viable catalyst option in hydroxyapatite.

In fact, calcium deficient Hap manifested a good performance in the oxidative decomposition of trichloroethylene vapor at 400-500 °C and was able to capture as well the Cl species since only a small amount of HCl was found in the effluent gas [START_REF] Nishikawa | Characterization of calcium-deficient hydroxyapatite after a catalytic reaction with trichloroethylene vapor[END_REF], [START_REF] Nishikawa | Vapor phase decomposition with dechlorination of organic chlorinated compounds over calcium-deficient hydroxyapatite[END_REF]. It was supposed that Cl -would replace HO -in hydroxyapatite, producing thus chloroapatite. The same was shown to be true in the study conducted by Nishikawa et al. [START_REF] Nishikawa | Oxidative decomposition of chlorobenzene over calcium-deficient hydroxyapatite[END_REF], where chlorobenzene was oxidatively decomposed at 400-500 °C, over calcium deficient Hap (DAp), with the major part of Cl being seized by the calcium phosphate catalyst according to the data reported in Table 3.

Table 3

Cl -amounts in fresh and reacted DAp a) . Adapted from reference [START_REF] Nishikawa | Oxidative decomposition of chlorobenzene over calcium-deficient hydroxyapatite[END_REF]. Just as Hap was proven to be a performant catalyst in the previously mentioned fields, it was also revealed to display good photocatalytic activity whether combined with other photocatalytic materials, or undoped. We will presently examine the use of hydroxyapatite as photocatalyst in environmental remediation procedures. Hydroxyapatite was able to achieve photocatalytic decomposition under UV irradiation of dyes (whose harmful effects were previously cited), such as methyl orange [START_REF] Liu | Facile synthesis of spherical nano hydroxyapatite and its application in photocatalytic degradation of methyl orange dye under UV irradiation[END_REF], methylene blue [START_REF] Shariffuddin | Greener photocatalysts: hydroxyapatite derived from waste mussel shells for the photocatalytic degradation of a model azo dye wastewater[END_REF], and calmagite [START_REF] Reddy | Hydroxyapatite photocatalytic degradation of calmagite (an azo dye) in aqueous suspension[END_REF]. What is more, Hap was also an efficient photocatalyst for degradation of the 17αmethyltestosterone (MT) hormone under solar and ultraviolet radiation [START_REF] Savaris | Degradation of 17α-methyltestosterone by hydroxyapatite catalyst[END_REF], a hormone used in fish farming, but whose heavy use, and subsequent water contamination with it, can eventually lead to the deregulation of all hormonal systems in humans and animals as well. Savaris et al. [START_REF] Savaris | Degradation of 17α-methyltestosterone by hydroxyapatite catalyst[END_REF] showed that the reduction in 17 α-methyltestosterone absorbance was faster on Hap undoped than when doped with nickel and copper, as well as faster than on a TiO2 catalyst. The results are presented in Table 4.

Table 4

Reduction in 17 α-methyltestosterone absorbance with different catalysts, in one hour of irradiation. Adapted from reference [START_REF] Savaris | Degradation of 17α-methyltestosterone by hydroxyapatite catalyst[END_REF].

Catalyst Method Reduction (± 1 %)

Hap without doping CP 1 100

Hap without doping HP 2 43 Hap doped with Ni HP 2 43 Hap doped with Cu HP 2 39 TiO2 -33

UV 3 -28 1 conventional precipitation; 2 homogeneous precipitation; 3 without catalyst.

In addition, Hap can be applied for the photocatalytic decomposition under UV irradiation of dimethyl sulfide [START_REF] Tanaka | FTIR studies of adsorption and photocatalytic decomposition under UV irradiation of dimethyl sulfide on calcium hydroxyapatite[END_REF], [START_REF] Nishikawa | A high active type of hydroxyapatite for photocatalytic decomposition of dimethyl sulfide under UV irradiation[END_REF], a toxic organic compound that causes skin, eye and respiratory irritation, and has a very unpleasant odor. Let us note that studies indicated that the photocatalytic activity of Hap is most likely correlated with the crystallinity toward the a-axis of Hap crystal, since hydroxyapatite crystals which had a lower crystallinity toward the apatite a-axis, but a similar crystallinity toward the c-axis, exhibited a decrease in the photocatalytic activity compared to those with a higher crystallinity toward the a-axis [START_REF] Nishikawa | A high active type of hydroxyapatite for photocatalytic decomposition of dimethyl sulfide under UV irradiation[END_REF]. Most importantly, concerning the mechanism that enables Hap to act as a photocatalyst under UV irradiation, it was simply explained by the following process: the electronic state of the surface phosphate group will be altered and produce a vacancy on hydroxyapatite, and then an electron transfer occurs from the vacancy formed in apatitic structure to atmospheric oxygen present on Hap resulting in the formation of O2 .-radicals, which will oxidize the organic compounds [START_REF] Nishikawa | Surface changes and radical formation on hydroxyapatite by UV irradiation for inducing photocatalytic activation[END_REF], [START_REF] Nishikawa | Photocatalytic activity of hydroxyapatite based on photo-induced excitation[END_REF]. Regarding the energy wavelength range in which Hap can absorb, a previous study conducted by De Araujo et al. [START_REF] De Araujo | Effect of Zn 2+ , Fe 3+ and Cr 3+ addition to hydroxyapatite for its application as an active constituent of sunscreens[END_REF] has shown that pure hydroxyapatite presents optical absorption in the UV region 200-340 nm with a strong band below 247 nm. However, it should also be mentioned that when doped with other elements, Hap's absorption spectrum undergoes significant changes. For example, the incorporation of metals such as Cr 3+ or Fe 3+ in the apatite lattice produces absorption bands in the spectral interval going from UV to visible (200-800 nm), whereas doping Hap with Zn 2+ leads to absorption features in the UV-vis region 213-420 nm, which is similar to that obtained for pure TiO2 (268-419 nm).

These modifications in the absorption properties of doped hydroxyapatites can prove to be very beneficial for the photocatalytic activity, depending on the envisioned application. Therefore, in the upcoming section we will move on to the use of Hap, still in photocatalysis, but in combination with other photocatalytic materials, employed in various photocatalytic applications. As seen for several times so far, ones of the most common organic pollutants that contaminate wastewaters nowadays are synthetic dyes. Their removal is required in order to avoid the many adverse effects they can have on aquatic and human life. While titanium oxide is a widely used photocatalyst because of its chemical stability and excellent activity, one of its recognized downsides is its weak adsorption capacity when it comes to some organic contaminants. Therefore, a simple and cost-effective solution would be to combine this highly active material to another that would be endowed with good adsorption properties. Seeing as hydroxyapatite is well known for its high adsorption ability, and since it has been revealed to exhibit good photocatalytic performances in the degradation of organic pollutants (refer to section 4.2.1.1), an association of TiO2 and Hap looks promising. Indeed, the combination of TiO2/Hap proved to be effective in the photodegradation of methylene blue [START_REF] Piccirillo | Aerosol assisted chemical vapour deposition of hydroxyapatite-embedded titanium dioxide composite thin films[END_REF]- [START_REF] Sahibed-Dine | The photocatalytic degradation of methylene bleu over TiO2 catalysts supported on hydroxyapatite[END_REF], and the degradation of rhodamine B [START_REF] Han | Photocatalytic Degradation of Dyes in Water Using TiO2/Hydroxyapatite Composites[END_REF]. Moreover, several studies confirmed that the biphasic material TiO2/Hap, displays a superior photocatalytic performance than the corresponding single-phase catalysts (TiO2 and Hap) [START_REF] Piccirillo | Aerosol assisted chemical vapour deposition of hydroxyapatite-embedded titanium dioxide composite thin films[END_REF]- [START_REF] Sahibed-Dine | The photocatalytic degradation of methylene bleu over TiO2 catalysts supported on hydroxyapatite[END_REF]. In fact, Piccirillo et al. [START_REF] Piccirillo | Aerosol assisted chemical vapour deposition of hydroxyapatite-embedded titanium dioxide composite thin films[END_REF] reported a 50 % increase in the methylene blue photodegradation activity, when TiO2 was combined with hydroxyapatite. Other Hap based composites have also been prepared in the aim of decreasing the pollution caused by organic dyes. An example is the coupling of the Ag3PO4 and Hap, tested in photodegradation of rhodamine B [START_REF] Chai | Enormous enhancement in photocatalytic performance of Ag3PO4/HAp composite: A Z-scheme mechanism insight[END_REF]. The synthesized Ag3PO4/Hap composite improved by ten times the activity of pure Ag3PO4. Another example of a modified Hap catalyst employed for the removal of dyes, is an amorphous Fe(III)-substituted hydroxyapatite compound, whose photocatalytic activity in the degradation of rhodamine B was good and similar to that of crystal semiconductors Bi2WO6 and BiVO4 [START_REF] Liu | Visible-light-driven amorphous Fe(III)-substituted hydroxyapatite photocatalyst: Characterization and photocatalytic activity[END_REF].

Equally as toxic, and even more dangerous than organic dyes, are pharmaceutical products which are, frequently, inadequately discarded, resulting in their accumulation in the environment, hence endangering both animals and humans' well-being. One of the most encountered compounds amid these products is diclofenac (DCF), which was shown to be effectively photodegraded by the multiphasic hydroxyapatite-TiO2 material, a photocatalyst that succeeded in diminishing the toxicity of the contaminated water considerably [START_REF] Murgolo | Photocatalytic Degradation of Diclofenac by Hydroxyapatite-TiO2 Composite Material: Identification of Transformation Products and Assessment of Toxicity[END_REF], [START_REF] Brazón | Photodegradation of pharmaceutical persistent pollutants using hydroxyapatite-based materials[END_REF]. The Hap-titania photocatalyst manifested too an excellent degradation efficiency of the micropollutant fluoxetine, the maximum degradation performance reaching 100 %, with contaminant and photocatalyst concentrations corresponding to 2 ppm and 4 g/L, respectively [START_REF] Brazón | Photodegradation of pharmaceutical persistent pollutants using hydroxyapatite-based materials[END_REF]. Furthermore, when El Bekkali et al. [START_REF] Bekkali | Zinc oxide-hydroxyapatite nanocomposite photocatalysts for the degradation of ciprofloxacin and ofloxacin antibiotics[END_REF] assessed zinc oxide-hydroxyapatite nanocomposites for the photodegradation of two antibiotics, ofloxacin and ciprofloxacin, in solution, these Hap-containing composites proved to be highly efficient and even displayed a greater activity compared to the oxide phase alone as can be seen in Figure 7. From reference [START_REF] Bekkali | Zinc oxide-hydroxyapatite nanocomposite photocatalysts for the degradation of ciprofloxacin and ofloxacin antibiotics[END_REF].

Other organic pollutants such as pentachlorophenol [START_REF] Xie | Preparation of titania/hydroxyapatite (TiO2/HAp) composite photocatalyst with mosaic structure for degradation of pentachlorophenol[END_REF] and formaldehyde [START_REF] Hu | Enhancement mechanism of hydroxyapatite for photocatalytic degradation of gaseous formaldehyde over TiO2/hydroxyapatite[END_REF] were efficiently photodegraded as well over TiO2/Hap composite and Cr(III)-doped Ti-Hap particles were capable of carrying out the photocatalytic decomposition of acetaldehyde [START_REF] Wakamura | Surface structure and visible light photocatalytic activity of titanium-calcium hydroxyapatite modified with Cr (III)[END_REF].

In addition to the photocatalytic degradation of organic compounds, modified Hap materials proved to be active in photocatalytic NOx removal.

Photocatalytic NOx removal

Nitric oxides (NOx) produced during fuel combustion processes are a major safety concern, especially nitric monoxide NO and nitrogen dioxide NO2 which are known to be most harmful to the human health and the environment. They are at the origin of numerous environmental problems, such as acid rain, the formation of smog, the formation of tropospheric ozone, and the destruction of animal and plant species. While TiO2 is a performant photocatalyst, it presents considerable inconveniences which are its low adsorption ability for contaminants (as mentioned previously), and its high recombination of photoinduced electron-hole pairs, all of which is detrimental for a good photocatalytic activity. This is exactly where hydroxyapatite comes to the rescue. Indeed, it was demonstrated on several occasions [START_REF] Giannakopoulou | Composite hydroxyapatite/TiO2 materials for photocatalytic oxidation of NOx[END_REF]- [START_REF] Mitsionis | Hydroxyapatite/titanium dioxide nanocomposites for controlled photocatalytic NO oxidation[END_REF] that a TiO2/Hap composite showed a superior photocatalytic activity compared to pure components (TiO2 and Hap), and that a higher NO removal was achieved thanks to this promising combination. Not only that, but also, the production of the toxic intermediate NO2 was considerably lessened over the prepared titania-hydroxyapatite composite.

This welcomed and improved behavior was credited to an enhanced chemisorption of NO due to a greater amount of surface OH groups, as well as to higher separation efficiency and faster transfer of the photogenerated electron-holes pairs as shown in Figure 8. Furthermore, recyclability tests showed the TiO2/Hap material to possess good photocatalytic stability. 

Photocatalytic bactericidal activity

Bacterial pathogens found in consumable waters represent a recurrent environmental and health issue.

Resorting to photocatalysis constitute a suitable solution for the disinfection of bacteria-contaminated waters. Generally, TiO2 has been commonly used as photocatalyst in bactericidal applications. Nonetheless, in this field as well, combining Hap with TiO2 tremendously enhanced the bactericidal activity [START_REF] Reddy | Hydroxyapatite-supported Ag-TiO2 as Escherichia coli disinfection photocatalyst[END_REF], [START_REF] Hu | Efficient destruction of bacteria with Ti(IV) and antibacterial ions in co-substituted hydroxyapatite films[END_REF]. Such an occurrence was attributed to two factors: Hap's excellent ability in adsorbing bacteria (contrary to titania for which no bacterial adsorption is observed), associated with its photocatalytic property. The association of these two properties imparts Hap with the qualification of a "sense and shoot" catalytic system, meaning that it is able to simultaneously sense and destroy these pathogenic compounds [START_REF] Reddy | Hydroxyapatite-supported Ag-TiO2 as Escherichia coli disinfection photocatalyst[END_REF], a dual role that makes Hap a very desirable material for the detoxification of bacteria-containing waters.

However, what is even more interesting was that a co-precipitated Hap doped with Ti material, was shown to produce O2 .-not only under weak UV irradiation, but also at ambient temperatures in the dark, whereas pure Hap and TiO2 catalysts did not exhibit any catalytic activities at ambient temperatures in the dark [START_REF] Hu | Efficient destruction of bacteria with Ti(IV) and antibacterial ions in co-substituted hydroxyapatite films[END_REF]. While it has been established that O2 .-radicals could be generated on Hap by heat treatment or UV irradiation, this does not explain HapTi's capacity to manifest a photocatalytic activity in the dark and at room temperature. This phenomenon was rationalized by a substitution of calcium (II) in the crystal of Hap by Ti(IV), which is likely what caused the occurrence of an oxygen vacancy in hydroxyapatite, seeing as the valency of Ti(IV) is higher than that of Ca(II).

Up until this moment, we have reported the use of Hap in catalysis as a catalyst and photocatalyst, and demonstrated its added value in each of these departments. However, one important aspect of the catalytic applications of Hap remains to be seen, which is none other than the use of hydroxyapatite as a support for an active phase in various environmentally oriented catalytic reactions. Due to its textural and structural characteristics, hydroxyapatite is of considerable interest as catalyst's support in numerous oxidation processes. In fact, in alkane oxidation reactions such as methane combustion, Hap's tunable acidic and basic properties were found to be of particular consequence on the catalytic activity. Previous studies had shown, that catalysts' basic sites could be held responsible for the activation of methane. This, therefore, explains the choice of hydroxyapatite as metal carrier in several works [START_REF] Sugiyama | Effects of the thermal stability and the fine structure changes of strontium hydroxyapatites ion-exchanged with lead on methane oxidation in the presence and absence of tetrachloromethane[END_REF], [START_REF] Sugiyama | Surface and bulk properties of stoichiometric and nonstoichiometric strontium hydroxyapatite and the oxidation of methane[END_REF]- [START_REF] Boukha | Comparative study of catalytic activity of Pd loaded hydroxyapatite and fluoroapatite in butan-2-ol conversion and methane oxidation[END_REF]. A study conducted by Boukha et al. [START_REF] Boukha | Comparative study of catalytic activity of Pd loaded hydroxyapatite and fluoroapatite in butan-2-ol conversion and methane oxidation[END_REF], using Pd loaded Hap, led to results with similar performance in methane's oxidation to that of conventional Pd/Al2O3 catalysts, thus, proving the apatite material's efficiency as a carrier in this reaction. In addition to hydroxyapatite's modulable acid/base properties, its relatively high surface area came into play in the oxidation of 1,2-dichloroethane, catalyzed by cobalt supported on Hap [START_REF] Boukha | Synthesis, characterisation and behaviour of Co/hydroxyapatite catalysts in the oxidation of 1,2-dichloroethane[END_REF]. Tests showed that the good dispersion of cobalt active species, led to a significant improvement in the catalytic activity, when compared to bulk Co3O4 catalyst.

As for aromatics and aldehydes' combustion, in a work conducted by Wang et al. [START_REF] Wang | Understanding on the origins of hydroxyapatite stabilized gold nanoparticles as high-efficiency catalysts for formaldehyde and benzene oxidation[END_REF], hydroxyapatite was reported to enhance the thermal stability of gold against sintering. A detailed examination showed that apatite's phosphate groups were the source of gold nanoparticles stabilization at lower temperature (≤400 °C), while hydroxyl group were at the origin of higher temperature stability (≤600 °C). To better point out Hap's stabilizing effect, a comparison was made between Au/CeO2/Hap and Au/CeO2 catalysts, both calcined at 600 °C, in formaldehyde oxidation reaction. Results indicated a high HCHO conversion for the Au/CeO2/Hap material (98% conversion) in opposition to Au/CeO2 that only gave 5% HCHO conversion because of its poor stability in regard to sintering. Furthermore, toluene's total oxidation, assessed over various metals supported on hydroxyapatite, led to the conclusion of oxidation activity being related to the high dispersion of active species as well as the carrier's acid characteristics. In fact, the support's acidic centers heighten the prospect of an electrophilic attack of adsorbed oxygen, hence, the oxidation of toluene molecules; the electrons trapped in Hap's vacancies are considered as accountable for oxygen activation. Indeed, palladium loaded on hydroxyapatite were more performant than Pd supported on classical alumina in total toluene combustion. The specific rates on apatites supports were four to six times higher even though the palladium content was lower on Hap (0.25 wt% of Pd on Hap vs 0.4 wt% of Pd on Al2O3) [START_REF] Chlala | Toluene total oxidation over Pd and Au nanoparticles supported on hydroxyapatite[END_REF]. This was also true when the active phase used was manganese. The toluene conversion increased when passing from Mn supported on alumina (Mn-Al) to the one supported on hydroxyapatite (MnNit-Hap and MnAc-Hap), and that no matter the nature of the precursor used (manganese nitrate: MnNit or manganese acetate: MnAc) to incorporate manganese active species on Hap (Figure 9) [START_REF] Chlala | Active Mn species well dispersed on Ca 2+ enriched apatite for total oxidation of toluene[END_REF]. Hydroxyapatite's acidic properties were also found to be responsible for methanol's activation in a study conducted by Aellach et al. [START_REF] Aellach | Calcium-deficient and stoichiometric hydroxyapatites promoted by Cobalt for the catalytic removal of oxygenated Volatile Organic Compounds[END_REF] over calcium-deficient and stoichiometric hydroxyapatites promoted by cobalt, for the catalytic oxidation of methanol. Indeed, the authors found that while the redox properties of Co3O4 entities formed on the catalyst's surface were mainly responsible for the catalytic activity of the supported material, an enhancement in the catalytic performances could be noted when replacing a stoichiometric Hap support with a calcium-deficient one. The specific role of this Ca-deficient support in that particular case was explained by the presence of surface acid sites in the form of HPO4 2-species and surface cationic vacancies, believed as accountable for methanol activation at low temperature, resulting thus in improved catalytic activity. Moreover, Hap's ion-exchange capacity, as well as its great recyclability permitted for a synthesized Cu doped Hap catalyst to be reused in the oxidation of formaldehyde without significant loss in its catalytic activity [START_REF] Qu | Possible sites of copper located on hydroxyapatite structure and the identification of active sites for formaldehyde oxidation[END_REF].

Figure 9. Toluene conversion over the catalysts (GHSV = 30,000 mL.h -1 .g -1 ; 800 ppmv toluene in air). From

Reference [START_REF] Chlala | Active Mn species well dispersed on Ca 2+ enriched apatite for total oxidation of toluene[END_REF].

Finally, studies for the applicability of hydroxyapatite supported gold in CO elimination processes, were conducted by several researchers [START_REF] Boukha | CO elimination processes over promoter-free hydroxyapatite supported palladium catalysts[END_REF]- [START_REF] Zhao | The roles of hydroxyapatite and FeOx in a Au/FeOx hydroxyapatite catalyst for CO oxidation[END_REF]. The aim was to find a support whose properties would amplify the reactivity of nanosized gold. As already mentioned above, Hap succeeded in enhancing the stability of Au nanoparticles creating a highly durable catalyst. This renders the apatitic material an ideal alternative to metal oxide supports such as CuMn2O3 and TiO2, hindered by a rapid deactivation caused by Au crystals' growth; these carriers becoming thus, unsuitable for long term use [START_REF] Phonthammachai | Synthesis of high performance hydroxyapatite-gold catalysts for CO oxidation[END_REF]. What is more, Domínguez et al. [START_REF] Domínguez | Gold/hydroxyapatite catalysts: Synthesis, characterization and catalytic activity to CO oxidation[END_REF] revealed Hap's implication in the enhancement of the catalytic activity, in the oxidation of CO at room temperature. Apparently, structural vacancies in the apatite structure can activate oxygen to produce peroxide species which behind CO's room temperature oxidation.

Reduction of NOx

An often studied reaction that uses as host the apatitic support, is nitrogen oxides' reduction [START_REF] Tounsi | Copper loaded hydroxyapatite catalyst for selective catalytic reduction of nitric oxide with ammonia[END_REF], [START_REF] Jemal | NO reduction with NH3 under oxidizing atmosphere on copper loaded hydroxyapatite[END_REF],

[237]- [START_REF] Campisi | Comparative performance of copper and iron functionalized hydroxyapatite catalysts in NH3-SCR[END_REF]. On the one hand, the contribution of hydroxyapatite to the catalytic process comes in the form of a novel material capable of securing a good dispersion of the active phase. While Tounsi et al. [START_REF] Tounsi | Copper loaded hydroxyapatite catalyst for selective catalytic reduction of nitric oxide with ammonia[END_REF], [START_REF] Jemal | NO reduction with NH3 under oxidizing atmosphere on copper loaded hydroxyapatite[END_REF] established in their work, that the highly dispersed CuO particles on Hap surfaces were responsible for the NO conversion in the low temperature range, Kumar et al. [START_REF] Kumar | Novel silver loaded hydroxyapatite catalyst for the selective catalytic reduction of NOx by propene[END_REF], demonstrated that well dispersed Ag2O on the apatite carrier led to the best DeNOx activity compared to a series of traditionally supported catalysts (Al2O3, TiO2, SiO2, ZrO2, TiO2-ZrO2 and Ga2O3). However, it is worth mentioning that depending on the metal precursor used to introduce the metallic phase, the activity and selectivity in the NH3-SCR process can significantly vary due to a modification in hydroxyapatite's structural features and surface composition. Indeed, in a study conducted by Schiavoni et al. [START_REF] Schiavoni | Focus on the catalytic performances of Cu-functionalized hydroxyapatites in NH3-SCR reaction[END_REF] over Cu-functionalized hydroxyapatites in NH3-SCR reaction, these authors found that when copper acetate was employed as Cu-phase precursor (instead of copper nitrate or copper chloride) it caused some alteration of the Hap surface resulting in enrichment with carbonate groups, which proved to be unfavorable for the SCR activity. On the other hand, an equally important feature of Hap is its basic properties. In fact, rhodium loaded on hydroxyapatite exhibited superior catalytic activity in N2O's decomposition than Rh/Al2O3, Rh/TiO2, and Rh/SiO2, as is clearly apparent in Figure 10. This was ascribed to a surface richer in basic sites in the case of Hap. It was postulated that the higher basicity of this carrier could improve rhodium's dispersion, which in turn, would lead to the enhancement of the catalytic activity [START_REF] Huang | Hydroxyapatite-supported rhodium catalysts for N2O decomposition[END_REF]. Reference [START_REF] Lin | Catalytic decomposition of N2O over RhOx supported on metal phosphates[END_REF].

Table 5

Catalytic decomposition of N2O over RhOx supported on metal phosphates. Adapted from reference [START_REF] Lin | Catalytic decomposition of N2O over RhOx supported on metal phosphates[END_REF]. 

Production of hydrogen

Nowadays, the search for a safe and efficient hydrogen storage technology is of the utmost importance, because, unlike fossil fuels, hydrogen is a green and sustainable energy carrier. Hydrides are a readily available hydrogen source, and can easily generate H2 through a hydrolysis reaction. Recently, hydroxyapatite has aroused considerable interest in view of its potential use as catalyst support for such processes [START_REF] Jaworski | Hydroxyapatite supported cobalt catalysts for hydrogen generation[END_REF]- [START_REF] Celik | Hydrogen generation from the hydrolysis of hydrazine-borane catalyzed by rhodium (0) nanoparticles supported on hydroxyapatite[END_REF], owing to its high ion-exchange ability and large surface area. In fact, ruthenium supported on hydroxyapatite proved to have superior reusability properties than other supports when compared to literature results (Figure 12). Hydroxyapatite's notable support effect was further evidenced by the better results obtained in the case of a palladium loaded Hap catalyst for the hydrolysis of ammonia-borane, compared to other carrier materials such as γ-Al2O3.

A different way of producing hydrogen is through methane conversion. Here as well, Hap proved to be a useful host material [START_REF] Boukha | Methane dry reforming on Ni loaded hydroxyapatite and fluoroapatite[END_REF]- [START_REF] Jun | Nickel-calcium phosphate/hydroxyapatite catalysts for partial oxidation of methane to syngas: characterization and activation[END_REF]. The flexibility of the apatite structure provides it with the aptitude for tolerating various substitutions and ion exchanges in its framework, allowing the active species to occupy the position vacated, in most cases, by calcium ions. This resulted in excellent performance and enhanced stability [START_REF] De Vasconcelos | Catalytic transformation of carbon dioxide and methane into syngas over ruthenium and platinum supported hydroxyapatites[END_REF]. This support's remarkable properties were corroborated by the work of Jun et al. [START_REF] Jun | Nickel-calcium phosphate/hydroxyapatite catalysts for partial oxidation of methane to syngas: characterization and activation[END_REF]. A salient difference was observed between the activity of nickel-calcium phosphate/hydroxyapatite catalyst and other Ni catalysts (NiO/SiO2, NiO/Al2O3 -TiO2-CaO), suggesting an easier reducibility of Hap supported catalyst. 

Desulfurization

The suitability of Hap as support for desulfurization of sulfur containing compounds was examined. Hydroxyapatites proved to be efficient carriers of NiMo sulfide catalysts, for desulfurization of thiophene [START_REF] Azarifi | Catalyst made of NiMo sulfide supported on hydroxyapatite: Influence of Al addition on support properties and on the catalytic conversion of thiophene[END_REF] and hydrodesulfurization of dibenzothiophene [START_REF] Elazarifi | Hydroprocessing of dibenzothiophene, 1-methylnaphthalene and quinoline over sulfided NiMo-hydroxyapatite-supported catalysts[END_REF]. In those two processes, apatite supported NiMo showed higher activity than industrial alumina supported catalyst, despite having lower specific surface area. This was due to the presence of superficial HPO4 2-groups and related surface defects, which would act as grafting sites of Ni-Mo oxides, thus, facilitating the dispersion of these active species. The contribution of the apatitic support to the catalyst's performance was evidenced by the improvement in sulfur removal, when going from a catalyst free system (22.7 %), to a system comprised of only hydroxyapatite (45.8 %) [START_REF] Riad | Oxidative desulfurization of light gas oil using zinc catalysts prepared via different techniques[END_REF]. This was believed to be the result of Hap's good adsorption properties that provide the required adsorption sites, in which, sulfur compounds' desulfurization could take place. Furthermore, when a composite consisting of TiO2 whiskers and Hap nanotubes was inspected as support material for NiMo active phase, in the hydrodesulfurization (HDS) of dibenzothiophene, results indicated better catalytic activity in the case of NiMo/TiO2-Hap, compared to NiMo/TiO2 solids [START_REF] Wang | The hydroxyapatite nanotube as a promoter to optimize the HDS reaction of NiMo/TiO2 catalyst[END_REF]. This consolidated the role of Hap as a functional promoter for titania in the HDS reaction.

Concluding remarks and outlook

• Potentials of hydroxyapatite as a multifunctional material for environmental remediation

All of the aforementioned evaluation and appraisal of Hap's role in environmental remediation culminate in one single fact: hydroxyapatite is a perfectly suitable, and highly promising bio-inspired material for various environmental applications. The unique features of this material accord it with exceptional carrier traits resulting in the enhancement of performances in the aimed for fields (adsorption, catalysis). Therefore, this review which was devoted to the display of Hap's outstanding properties and their subsequent use in removal of pollution from contaminated waters, soils and air, helped establish the benefits gained from the use of such material, on its own or as a host to different active species.

• Utilization of a zero-waste concept

An interesting future matter to examine is finding possible ways of utilizing used Hap adsorbents, once their role, as metal removal materials for example, has been fully achieved. A most plausible area of application of these metal containing hydroxyapatite compounds would be in catalysis. In other words, Hap would be acting here as a support for an active phase. This would be a most original manner with which to convert used materials into value added products, and thus apply a zero-waste concept allowing to dispose of waste materials all while protecting the environment.

In our following work, we will focus our research on employing Hap as a support to an active phase in oxidation catalysis. An optimization of the preparation method and experimental conditions will be a vital component in our upcoming research since it will have a great impact on our synthesized catalysts' performances.

Figure 2 .

 2 Figure 2. (Left) Plots of normalized saturated amounts of adsorbed proteins as a function of heat treatment temperature. (Right) Concentrations of calcium and phosphate ions in the supernatant dissolved from the Hap particles after treatment at various temperatures. Reprinted with permission from [38]. Copyright 2019 American Chemical Society.

Figure 3 .

 3 Figure 3. Model of 2-phenylethylamine (used as a probe molecule) adsorption over Lewis and Brönsted acid sites on the surface of apatites [(δ+) = HO -vacancies]. Adapted from reference [41] -Published by The Royal Society of Chemistry.

Figure 4 .

 4 Figure 4. TGA (thermogravimetric analysis) data of HA (hydroxyapatite), FHA (fluorine-substituted hydroxyapatite: HA04F and HA02F) and FA (fluoroapatite) powders heated to 1400 °C in dry air. From reference [107].

Figure 5 .

 5 Figure 5. Comparison of the ion adsorption potential of HA powders with different crystallinities. The powders were immersed in a multi-component ion solution (1000 mg/L Ca, 100 mg/L Be, B, Fe, Zn, As, Se and 10 mg/L Li,

Figure 6 .

 6 Figure 6. (Top) Effect of adsorbent dose, (Middle) effect of initial fluoride concentration, and (Bottom) effect of pH on fluoride removal by Hap with different particle sizes (A: 48.2 nm, B: 62.8 nm, C: 97.9 nm and bulk: largest particle size).From reference[START_REF] Gao | Size-dependent defluoridation properties of synthetic hydroxyapatite[END_REF].
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 1 As a catalyst 4.1.1

  conditions: chlorobenzene = 40.1 ppm (v/v); DAp = 1 g; reaction temperature = 450 °C, b) Theoretical amounts when the DAp was completely chlorinated with chlorobenzene reacted. c) Cl -amount in DAp to Cl amount in decomposed chlorobenzene.

4. 2 .

 2 As a photocatalyst 4.2.1. Undoped, single phase Hap 4.2.1.1. Photocatalytic degradation of organic compounds

Figure 7 .

 7 Figure 7. Kinetics of (a) ciprofloxacin and (b) ofloxacin removal (qe) by the wZnHAp composite powders heated at 500 °C compared to pure HAp and ZnO during a first 30 min period in the dark followed by irradiation using a 125 W UV A-B-C lamp. From reference [212].

Figure 8 .

 8 Figure 8. Photocatalytic mechanism scheme of TiO2/Hap under simulated solar light irradiation. From reference [217] -Published by The Royal Society of Chemistry.
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 3 As a support for an active phase 4.3.1. Oxidation of toxic pollutants

Figure 10 .

 10 Figure 10. Conversion of N2O on Rh/HAP-10.5, Rh/Al2O3, Rh/TiO2, and Rh/SiO2 catalysts as a function of reaction temperature. From Reference [238].This was also true in another study conducted by Huang et al.[START_REF] Huang | Correlation among preparation methods/conditions, physicochemical properties, and catalytic performance of Rh/hydroxyapatite catalysts in N2O decomposition[END_REF], at the end of which, these researchers concluded that surface hydroxyls and the basicity of hydroxyapatite are beneficial for the decomposition of nitrous oxide. Lin et al.[START_REF] Lin | Catalytic decomposition of N2O over RhOx supported on metal phosphates[END_REF] confirmed this well, when they studied the performance of RhOx/M-P-O (M = Mg, Al, Ca, Fe, Co, Zn, La) catalysts in the decomposition of N2O. RhOx/Hap showed the highest activity among the tested materials (Figure11) due, evidently, to its more basic sites. NO2's conversion values at 275 °C, for the different RhOx supported solids, which are presented in Table5, validate the greater catalytic conduct of RhOx/Hap.

Figure 11 .

 11 Figure 11. N2O conversion as a function of reaction temperature for RhOx/M-P-O (M = Mg, Al, Ca, Fe, Co, Zn, La) catalysts. Reaction conditions: 0.5 vol.% N2O in He; total flow rate = 60 cm 3 /min; catalyst weight = 0.5 g. From

Figure 12 .

 12 Figure 12.The percentage of initial catalytic activity of various reported ruthenium catalysts after the reuse for the hydrolytic dehydrogenation of ammonia borane. From Reference[START_REF] Akbayrak | Hydroxyapatite supported ruthenium(0) nanoparticles catalyst in hydrolytic dehydrogenation of ammonia borane: Insight to the nanoparticles formation and hydrogen evolution kinetics[END_REF].

  

  3.1.1.1. Dissolution-precipitationIn this type of mechanism, a dissolution of the hydroxyapatite occurs, supplying the media with phosphate ions which are capable of precipitating other surrounding metal cations (Me), creating thus a new metal phosphate crystal with an apatitic structure. This process can be portrayed by these two equations[START_REF] Stötzel | Ion adsorption behaviour of hydroxyapatite with different crystallinities[END_REF]:

	Ca10(PO4)6(OH)2 + 14 H + → 10 Ca 2+ + 6 H2PO4 -+ 2 H2O (3)
	10 Me 2+ + 6 H2PO4 -+ 2 H2O → Me 10(PO4)6(OH)2 + 14 H + (4)

Table 1

 1 outlines the FA adsorption capacity values of the stated materials, obtained from various works.

Table 1

 1 Comparison of FA adsorption capacities of various sorbents. Adapted from reference[START_REF] Wei | Poorly crystalline hydroxyapatite: A novel adsorbent for enhanced fulvic acid removal from aqueous solution[END_REF].

	Adsorbent	Q0 (mg/g)
	Poorly crystalline Hap	90.20
	Modified zeolite	9.8
	Modified vermiculite	12-18
	Bacillus subtilis	0.71
	Activated sludge	0.24
	Chitosan hydrogel beads	2.933
	Carbon nanotubes	24.57
	SiO2 particles	28.63-490.5
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