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ABSTRACT 
Hydroxyapatite (HAp) powder was synthesized by chemical precipitation method from 0.5 M Ca(NO3)2 and 0.3 M (NH4)2HPO4 solution at pH 10 by using 28 % NH3 solution. The adsorption of Ag+ onto the HAp powder (formation HAp-Ag) was carried out in aqueous solution. The adsorption capacity and efficiency of HAp powder adsorbent for Ag+ under suitable conditions were found to be 9.11 mg/g and 56.46 % respectively. The desorption of Ag+ out of HAp-Ag and recovery of Ag metal by electrochemical method were studied in aqueous (H2SO4 and Na2SO4 solution) and deep eutectic solvent (DES) medium (reline solvent). The results indicated that Ag+ can be desorbed out of HAp-Ag in H2SO4 solution and reline solvent was better than one in Na2SO4 solution. However, HAp and HAp-Ag was dissolved in H2SO4 solution, different from ones in reline solvent. The obtained result will open a potential application direction for the recovery of Ag+ ions in wastewater using HAp powder adsorbent and Ag metal recovery by electrochemical deposition in reline solvent.
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1. Introduction 
Calcium hydroxyapatite (Ca10(PO4)6(OH)2, noted as HAp) has shown a remarkable adsorption efficiency, has been versatile material, has extensively studied and applied. Synthetic HAp has chemical composition and biological activity similar to the natural bone [1]. HAp is non toxic, non allergic to human and has antibacterial properties. Therefore, HAp and HAp doped some elements are prepared in different forms, including powder, membrane, composite and ceramic by physical, chemical, electrochemical methods and were applied in biomedical field [2-5]. Out of the biomedical  field, HAp and HAp doped some elements have been applied in environment treatment. They can remove several contaminated agents such as Cu2+, Pb2+, Zn2+, Cd2+, Co2+, Ni2+, ... [6-9] and NO3-, PO43-, F-, phenol, nitrobenzene, congo red from aqueous solution [10-15]. 
General, the studied results show that HAp can remove heavy metals in the water with high efficiency, is similar to or better than normal adsorbents such as activated carbons, aluminium oxide, silica gel, etc. However, there have been no reports to study for the adsorption of Au3+, Ag+ on HAp. But there were some reports on preparation silver doped HAp by immersion HAp powder/membrane in AgNO3 solution to proceed ion-exchange process between Ag+ and Ca2+ [16-19]. Therefore, it can be proceeded to adsorb Ag+ on HAp from the water solution and form HAp-Ag. After that , it is important to desorb Ag+ out of HAp-Ag and  recovery of Ag metal.
Many years ago, silver deposition on electrodes was investigated in aqueous solutions such as inorganic acid [20], neutral [20; 21], alkaline [22], organic acid as citric, tartaric acid [23; 24]  media and some other media [25]. Especially the presence of cyanide has featured prominently as a selective reagent by high efficiency and relatively low cost [25-28]. However, cyanide media is toxic electrolyte as the traditional bath for the electrochemical deposition of silver on nickel/copper electrode. For these reasons, many cyanide-free bath formulations have been previously proposed such as thiosulphate, NH3,…[28; 29].
Recently, room temperature ionic liquids (RTILs) have attracted considerable attention especially in the fields of catalysis, material chemistry, and more recently for the pre-treatment of biomass. RTILs have received increasing attention as potential electrolytes to overcome the limitations encountered in traditional aqueous media with electrochemical applications, such as metal electrodepositions [20; 30-33]. RTILs were formed by mixing together two salts. Although both salts have very high melting points, their proper mixing leads to the formation of a liquid phase, the so-called eutectic mixture. 
To overcome the high price and toxicity of ILs, a new generation of solvent, named Deep Eutectic Solvents (DES). DES has emerged at the beginning of this century. Formation of these DESs can be obtained by simply mixing together two safe components (cheap, renewable and biodegradable) which are capable of forming a eutectic mixture. One of the most widespread components used for the formation of these DESs is choline chloride (ChCl). There were a lot of publications about deposition silver from DES which were formed from ChCl [32-36].
2. Experimental 
2.1. Preparation of HAp powder
[bookmark: _Toc475623306][bookmark: _Toc475623627][bookmark: _Toc475780543][bookmark: _Toc475785577][bookmark: _Toc475785661][bookmark: _Toc475785921][bookmark: _Toc475789288][bookmark: _Toc475789436][bookmark: _Toc475789781][bookmark: _Toc482484562][bookmark: _Toc482484641][bookmark: _Toc482514221][bookmark: _Toc482514303][bookmark: _Toc482517707][bookmark: _Toc482518001][bookmark: _Toc482518383][bookmark: _Toc482518677][bookmark: _Toc482903592][bookmark: _Toc482914417][bookmark: _Toc482914501]HAp powder is prepared by a wet chemical precipitation method from Ca(NO3)2.4H2O and (NH4)2HPO4 salts in water following reaction (2.1) [37]. Accordingly, the aqueous solution of 0.3 M (NH4)2HPO4 is slowly added dropwise into a 0.5 M solution of Ca(NO3)2 at a rate of 1 mL.min-1. During the process, the pH value of the solution is adjusted to about 10 using the concentrated NH3 solution. The reaction is carried out at 25 oC with continuous stirring (800 rpm). The obtained precipitate is aged for 15 h and then repeatedly centrifuge-washed with distilled water until neutral pH, then dried at 80 oC in 24 h. The obtained HAp powder is white with a size less than 100 nm [37].
10Ca(NO3)2 + 6(NH4)2HPO4 + 8NH3 + 2H2O  →  Ca10(PO4)6(OH)2 + 20NH4NO3            	 (2.1)
2.2. Preparation of deep eutectic solvent (DES)
The DES were obtained by mixing choline chloride (ChCl) (Alfa Aesar, 98+ %) and urea (U) (VWR Chemicals, NORMAPUR). Choline chloride was recrystallized from absolute ethanol (VWR Chemicals, NORMAPUR), filtered and dried under vacuum. Choline chloride and urea were mixed in a 1:2 molar ratio in a closed container under constant stirring for 3 hours at 60oC until a homogeneous colourless liquid was formed and formation the ChCl-U (Reline) DES.
2.3.  Adsorption of Ag+ on the HAp
The adsorption experiments were carried out in mixing m gram of HAp powder with 50 ml of C0 mg/L Ag+ ion solution, contact time was t minutes, initial pH of solution was natural pH (5.5). All experiments were performed at room temperature and kept for stirring with speed of 800 rpm. Thereafter the mixture was filtered to separate the solid and final Ag+ ion concentrations were determined by Atomic Absorption Spectrophotometer.
Adsorption capacity and efficiency were calculated by equations (2.2) and (2.3), respectively: 
		Q = (C0 – C).V/m	                      (2.2)
		H = (C0 – C).100/C0	        (2.3)
where Q is the amount of metal ion adsorbed on adsorbent at equilibrium (mg/g), C0 and C are the initial and equilibrium concentration (mg/L) of metal ion in solution respectively, V is the volume of solution (L) and m is the mass of adsorbent (g).
2.4. Electrochemical experiments 
2.4.1. Cyclic voltammograms (CVs) in aqueous and DES medium 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The CVs  experiments were carried out using a three electrode system connected to an Autolab PGSTAT20 (Metrohm) potentiostat. The working electrode (WE) was Au (geometric area = 0.0201 cm2), reference electrode (RE) was Hg,Hg2SO4|SO42- for aqueous medium and Ag,AgCl|Cl- for DES medium and the counter electrode (CE) was a platinum grid of large area. Sample volume of 5 mL, scan potential range: 0.4 V ÷ - 0.4 V, scan rate of 50 mV.S-1 at room temperature (30 oC) for aqueous medium and 60 oC for DES medium.
The working electrode was polished with a alumina-water slurry on a smooth polishing cloth, then twice sonicated for 3 minutes and rinsed with Milli-Q water to remove any trace of alumina, and finally dried under nitrogen. The platinum counter electrode was cleaned by flaming to red glow. Before each experiment, the aqueous or DES medium was purged with nitrogen for at least 20 min, and kept during all measurements under nitrogen atmosphere.
2.4.2. Deposition of Ag metal on the surface of electrode
The deposition Ag metal was carried out in a three electrode electrochemical cell: the WE was gold plate (geometric area = 1 cm2), the RE was Ag,AgCl|Cl- and  the CE was a platinum grid of large area. The deposition potential of – 0.4 V applied for 3 hours, T = 60 oC. DES medium was purged with nitrogen for at least 20 min, and kept during electrolysis under nitrogen atmosphere.
3. Results and discussion 
3.1. Effect of the experimental factors on Ag+ adsorption by HAp powder
3.1.1. Effect of contact time 
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	Figure 1. The variation of Ag+ adsorption efficiency according to contact time, mHAp = 0.1 g; C0 = 50 ppm; pH0 5.5; T = 30 oC.


Figure 1 shows the variation of the adsorption efficiency of the HAp powder for Ag+ ions as a function of the contact time. The adsorption efficiency (H, %) increase rapidly during the first 60 min, then increase slowly and reach steady state after 60 min due to the adsorption process has tended to reach equilibrium. To obtain high adsorption efficiency, rapidly adsorption process, a contact time of 60 min is chosen for subsequent studies.
3.1.2. Effect of initial Ag+ concentration
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	Figure 2: The effect of initial Ag+concentration on the adsorption capacity and efficiency of Ag +, mHAp = 0.1 g; pH0 5.5; tcontact = 60 min; T = 30 oC.


The initial concentration of Ag+ has a significant effect on the adsorption capacity and the removal efficiency. When increasing the concentration of Ag+ concentration, the adsorption capacity increases while the adsorption efficiency decreases (Figure 2). To obtain a high combined adsorption capacity and efficiency, suitable Ag+ concentration can be used in the range of 40 ÷ 50 ppm. The maximum adsorption efficiency of 56.46 % has been obtained for the initial Ag+concentration of 40 ppm.
General, suitable conditions  to adsorb Ag+ on HAp powder: mixing 0.1g of HAp powder with 50 ml of 40 ppm Ag+ ion solution, contact time was 60 minutes, initial pH of solution was natural pH (5.5), room temperature (30 oC) and kept for stirring with speed of 800 rpm. Thereafter the mixture was filtered to separation the solid. The solid was Ag+ adsorbed HAp (noted HAp-Ag) to use for the studies further.
3.2. Desorption of Ag+ out of HAp-Ag and recovery of Ag metal by electrochemical method
To find the deposition potential of Ag on the surface of electrode, CVs scan was studied in aqueous (H2SO4, Na2SO4 solution) and in DES medium.
3.2.1. Desorption of Ag+ out of HAp-Ag in aqueous medium 
a. CVs scan of AgNO3 and HAp-Ag in H2SO4 solution 
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	Figure 3a. CV of 0.1M H2SO4 (1) and 250 mg/L AgNO3 in 0.1M H2SO4 (2). Scan rate: 50 mV.S-1, T = 30 oC.
	Figure 3b. CV of (0.1 g HAp-Ag + 0.1M H2SO4). Scan rate: 50 mV.S-1, T = 30 oC.


The Figure 3a shows that the peak of reduction wave is near - 0.08 V. It means that the deposition Ag on the surface of Au electrode can be proceeded at the potential of -0.08V. The results on the Figure 3b indicated that Ag+ can be desorbed out of HAp-Ag in H2SO4 acid. The peak of reduction wave is near - 0.08 V, similar to AgNO3 in 0.1M H2SO4 solution. Therefore, the presence of HAp component in the mixture will not change deposition potential of Ag on the surface of electrode. The processes happen following:
Step 1: The desorption of Ag+ out of HAp-Ag and then the reduction Ag+ to Ag on the surface of Au electrode:   Ag+ + 1e →  Ag
Step 2: The oxidation (stripping) Ag to Ag+:   Ag  - 1e →  Ag+
b. CVs scan of AgNO3 and HAp-Ag in Na2SO4 solution 
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	Figure 4a. CV of 0.1M Na2SO4 (1) and 250 mg/L Ag+ in 0.1M Na2SO4 (2). Scan rate: 50 mV.S-1, T = 30 oC.
	Figure 4b. CV of (0.1 g HAp-Ag + 0.1M Na2SO4). Scan rate: 50 mV.S-1, T = 30 oC.


Figure 4a shows that the peak of reduction wave is near - 0.1 V. It is different a little from one in acid solution (about -0.08 V). The processes happen similar to acid solution. The figure 4b shows that both reduction and oxidation waves are small and the peak of reduction wave is near - 0.18 V. This is different from 0.1M H2SO4 solution (-0.08 V).
The comparison CV of HAp-Ag (m = 0.1 g) in H2SO4 solution to the obtained result in Na2SO4 solution is showed on figure 5. 
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	Figure 5. CV of 0.1 g HAp-Ag in 0.1M H2SO4 (1) and in 0.1M Na2SO4 (2). Scan rate: 50 mV.S-1, T = 30 oC.


It can show that Ag+ desorption out of HAp-Ag in H2SO4 is better than one in Na2SO4 solution. This result is explained as follow: HAp and HAp-Ag dissolve in H2SO4 more than Na2SO4 solution. The fact that dissolution 0.5g HAp or 0.5g HAp-Ag in 5mL 0.1M H2SO4, after 30 minutes with stirring, the mixture was not changed clearly but after a few hours it was concentrated. There was reaction in this case. Beside that it was not observed when experiment with 0.1M Na2SO4 solution. Addition, taking 0.5 g HAp-Ag push 5 mL 0.1M Na2SO4 solution with 30 minutes stirring, and then filtering and taking the solution to CV scan. The result is expressed at Figure 6.
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	 Figue 6. CV of filtering solution. Scan rate: 50 mV.S-1, T = 30 oC.


On the figure 6, there are neither oxidation peak nor reduction peak, it means that desorption of Ag+ out of HAp-Ag by 0.1M Na2SO4 solution is not successful. However, if the experiment is proceeded under electrochemical reaction, Ag can be desorbed a small part (Figue 4b).
3.2.2.  Desorption of Ag+ out of HAp-Ag in DES medium
a. Trying dissolution ability of HAp and HAp-Ag in the reline solvent
Add 0.1 g HAp powder or 0.1 gram HAp-Ag powder in 10 mL reline and then stir at 60 oC in 30 minutes. The results show that HAp and HAp-Ag were not soluble (may be Ag+ ions go into reline and HAp was not soluble). 
b. CV scan of reline solvent and HAp-Ag in the reline solvent
The result on the Figure 7 indicated that Ag+ can be desorbed out of HAp-Ag in reline solvent. The peak of reduction wave near - 0.03 V, this agrees with the CV of Ag+ in reline reported in the literate [34] and different from one in 0.1M H2SO4 solution (-0.08 V) and in 0.1 M Na2SO4 solution (-0.18 V). The processes happen following:
Step 1: The complex between Ag+ of HAp-Ag with Cl- of reline was formed (AgCln1-n, n = 2 - 4). After this, the reduction Ag+ (of AgCln1-n) to Ag on the surface of electrode:   AgCln(1-n)  +  1e  →  Ag  + nCl-
Step 2: The stripping Ag to Ag+:   Ag  -  1e  → Ag+
General, Ag+ can be desorbed out of HAp-Ag in the reline and adsorbent (HAp) may be recovered.
	[image: ]

	Figure 7. CV of the reline (1) and HAp-Ag in the reline (2). Scan rate: 50 mV.S-1, T = 60 oC.


3.2.3. Recovery of Ag metal
The result of CVs of HAp-Ag in H2SO4, Na2SO4 solution and reline solvent indicated that Ag+ can be desorbed out of HAp-Ag in H2SO4 solution and reline solvent was better than one in Na2SO4 solution. However, HAp and HAp-Ag was dissolved in H2SO4 solution therefor HAp adsorbent will be not recovered. To recover Ag metal and HAp adsorbent can be recovered, HAp-Ag was electrolysed in reline solvent. 
The Figure 7 shows that deposition Ag metal on the surface of Au electrode can be caried out at the potential   ≤ - 0.03 V. The result of electrolysis of  mixture HAp-Ag in reline indecated on the Figure 8a. After electrolysis 3h, HAp-Ag powder was filted out of mixture then cleaning, drying and then CV scan (Figure 8b).   
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	Figure 8a. Electrolysis of 0.5 g HAp-Ag in reline at – 0.4 V; T = 60 oC; 
	Figure 8b. CV of HAp and HAp-Ag power after electrolysis 3h. Scan rate 50 mV.S-1, T = 60 oC. 


The result (observation) showed that Ag deposition visible on the Au plate electrode and there was only small amount of Ag+ present in the HAp powder after electrolysis (Figure 8b). It was found that Ag+ was desorbed out of HAp-Ag and Ag metal was deposited on the surface of Au plate electrode.
4. Conclusions
HAp powder is prepared by a wet chemical precipitation method from Ca(NO3)2.4H2O and NH4)2HPO4 salts in water with a size less than 100 nm and used as an adsorbent to removal Ag+ in aqueous solution. The adsorption process depends on some the physicochemical parameters such as the contact time, the initial Ag+ concentration, .... Under the conditions studied, the adsorption of Ag+ on HAp powder occurs rather rapidly and reaches equilibrium after 60 min. The desorption of Ag+ out of HAp-Ag and  recovery of Ag metal in reline DES media will be more advantage due to Ag metal can be recovered and HAp adsorbent may be recovered.
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Hấp phụ ion Ag+ dùng bột hydroxyapatit và thu hồi kim loại Ag bằng phương pháp điện hóa
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Tóm tắt

[bookmark: _GoBack]Bột hydroxyapatit (HAp) được tổng hợp bằng phương pháp kết tủa hóa học từ dung dịch Ca(NO3)2  0,5M và dung dịch (NH4)2HPO4 0,3M ở pH 10 được điều chỉnh bằng dung dịch NH3 28 %. Quá trình hấp phụ Ag+ lên bột HAp (tạo thành hợp chất HAp-Ag) được tiến hành trong môi trường nước. Ở điều kiện thích hợp, dung lượng và hiệu suất hấp phụ Ag+ thu được lần lượt là 9,11 mg/g và 56,46 %. Quá trình giải hấp phụ Ag+ ra khỏi HAp-Ag và thu hồi kim loại Ag bằng phương pháp điện hóa được nghiên cứu trong môi trường nước (trong dung dịch H2SO4 và dung dịch Na2SO4) và trong dung môi relin có điểm eutecti sâu (DES). Kết quả nghiên cứu cho thấy, Ag+ có thể được giải hấp phụ ra khỏi HAp-Ag trong dung dịch H2SO4 và trong dung môi relin tốt hơn trong dung dịch Na2SO4. Tuy nhiên, trong dung dịch H2SO4, HAp và HAp-Ag đều tan còn trong dung môi relin không tan. Kết quả thu được mở ra định hướng ứng dụng thu hồi Ag+ trong nước thải bằng bột HAp và thu hồi Ag kim loại bằng phương pháp kết tủa hóa học từ dung môi relin.
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