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ARTICLE INFO ABSTRACT

Keywords: Hydroxyapatite has a nanostructure, the chemical formula of Ca;o(PO4)s(OH); and a specific surface area of
Hydrox}fapatite 91.42 m?/g. In this paper, hydroxyapatite is used to adsorb Zn?" ions as effective adsorbent. The influence of
Adsorption some factors on Zn>" adsorption capacity and efficiency has been studied. Under the suitable adsorption con-
E:giztrl;n ditions were hydroxyapatite mass of 0.15 g in 50 mL solution, 50 mg L™ initial Zn?* concentration, pH 5.0,
702" ion exposure time of 60 min at room temperature (25 °C), Zn?* adsorption efficiency and capacity reached 94.79 %

and 15.80 mg g, respectively. The process of desorption of Zn?* from the loaded adsorbent and recovery of
metallic Zn was also investigated. Zinc recovery efficiency reached 93.26 % under appropriate conditions such as
applied current intensity of 7.5 mA, electrolysis time of 10 h, loaded hydroxyapatite mass of 0.1 g, temperature
60 °C. After desorption process, the adsorbent was regenerated for further studies. The adsorption isotherm was
studied based on three Langmuir, Freundlich and Redlich-Peterson models. The adsorption thermodynamics
were investigated and calculating the parameters. The adsorption kinetics were examined using two pseudo-first-
order and pseudo-second-order kinetic models. The negative value of Gibb’s free energy change showed that the
adsorption process was feasible and spontaneous in nature. The positive value of enthalpy change indicated that
the process was endothermic. The positive value of entropy change showed increased randomness at the solid

and solution interface.

1. Introduction

Global development of industrialization is a main factor leading to
the water pollution with many chemicals including heavy metal ions
leading to the severe health issues. Therefore, there is a deep need to
deliver novel water purification methods that could be fast and cost-
effective. There are many studies to be proposed in heavy metal ions
treatment in water and wastewater such as: chemical precipitation,
electrochemical precipitation, membrane separation, ion exchange,
adsorption, biological methods, etc., where the adsorption offers ver-
satile application with low costs of the operation. In recent years,
adsorbent materials of natural origin such as laterite, basalt, red mud
[1]1, zeolite [2], bentonite [3], kaolinite [4], apatite [5-8], haloysite
[9-11], natural polymers: chitin, chitosan, starch [12], mesoporous
materials prepared from biomass waste [13,14] and agricultural by-

products [15-17], are of great interest to scientists around the world,
especially used for wastewater treatment, due to their advantages of,
high adsorption efficiency, environmentally friendliness, and the
economical aspects. Nevertheless, the effectiveness of the heavy metal
ions depends on many conditions as well as the type of heavy metal ions.
Zinc is an essential trace element in the body while its excessive expo-
sition can be harmful leading to the diseases such as diabetes, cardio-
vascular disease, cancer, neurological disorders [18]. Hence, removing
zinc from contaminated water sources is very important. Many papers
studying on zinc adsorption have been published, in which the adsor-
bent materials such as thiophene containing mesoporous polymers [19],
activated carbon [20], bioadsorbent compounds based agricultural
wastes such as orange peel, banana peel, kiwi [21], iron-ore sludge [22]
were used: P. Sowmya et al synthesized two novel mesoporous polymers
poly [(1E,4E)-1,5-Di-2-thienylpenta-1,4-dien-3-one] (PTCA) and poly

* Corresponding author at: Department of Chemistry, Faculty of Basic Science, Hanoi University of Mining and Geology, Ha Noi, Viet Nam.

E-mail address: lethiduyen@humg.edu.vn (L. Thi Duyen).

https://doi.org/10.1016/j.poly.2024.117126
Received 14 March 2024; Accepted 24 June 2024
Available online 29 June 2024

0277-5387/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:lethiduyen@humg.edu.vn
www.sciencedirect.com/science/journal/02775387
https://www.elsevier.com/locate/poly
https://doi.org/10.1016/j.poly.2024.117126
https://doi.org/10.1016/j.poly.2024.117126
https://doi.org/10.1016/j.poly.2024.117126
http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2024.117126&domain=pdf

L. Thi Duyen et al.

ApH

Polyhedron 261 (2024) 117126

—— y =-0.90893x + 6.67061
R2 = 0.99593

A

2

-3

Fig. 1. SEM image (a) and detemination of pHpyc (b) of HAp powder.

[(1E,4E)- 2,4-dimethyl-1,5-di(thiophen-2-yl) penta-1,4-dien-3-one]
(PTCM) and using to adsorb Zn?". The maximum adsorption capacity
for Zn** of the polymer PTCA and polymer PTCM reached very high
729.4 and 652.7 mg g, respectively [19]. E.M. Valdés-Rodriguez et al
prepared and functionalized of activated carbons from different biomass
and their application in the adsorption of heavy metal ions. The
maximum adsorption capacity for Zn?" was obtained 1.59; 0.6; 33.3 mg
g1, respectively by using xanthoceras sorbifolia, pinuca bark and wal-
nut shell biomasses [20]. Agricultural wastes-based biosorbents to
effectively remove heavy metals from wastewater were reported by Hina
Igbal Syeda et al. The maximum adsorption capacity of orange peel,
banana peel, kiwi, corn cob for Zn%* were calculated 56.18; 9.52; 37.03;
63.93 mg g~! [21]. Zinc ions removal effectiveness closely depends on
the type of proposed adsorbent, so there are many materials investigated
to reach the highest as possible recovery rate. One of them that could
offer high can be calcium hydroxyapatite (HAp). As it is the main
component in human and animal bones (about 65-70 % of the mass) and
teeth (about 99 % of the mass) even synthetic HAp offers biocompati-
bility making it a promising material for environmental applications. It
can remove some pollutant substances and ions in the water such as
cu?*, Pb%*, Zn?*, Cd?*, Co?*, Ni%*, Hg?" [8,23-31], Cr(III) [30,32], As
V), Se(VI), NO3, F, PO?{’, phenol, nitrobenzene, Congo red, etc.
[7,15,33-36]. The main mechanisms of adsorption process include both
ions adsorption on the surface of HAp and ion exchange. The cations
exchange with Ca" ions and the anions exchange with OH™ ions in HAp
and so it can be easily applied for the removal of zinc ions from
wastewater.

Along with adsorption, desorption and recovery of zinc ions are also
extremely important to avoid secondary pollution, to reuse useful metals
from waste sources and regenerate adsorbent materials, improving
economic efficiency. Several methods have been used to desorb heavy
metals from materials such as ion exchange method, solvent method
(acid, base, salt, ethyl alcohol, etc.), complexation method, extraction
method, heat method, etc. [8,37-41]. After desorption, heavy metals are
recovered by methods such as chemical precipitation, electrochemical
precipitation, etc. This can lead to more difficulty in recovering metals
due to the presence of eluent components. Therefore, there are not so
many publications providing methods for metal recovery from eluent
solvents.

In 2010, Yuan Feng et al used magnetic HAp with a specific surface
area of 142.5 m? g~ ! synthesized by precipitation method to adsorb Cd

Table 1

CV scanning parameters of 0.005 M Zn>" and 0.5 g Zn-HAp in reline.
Parameter Value Parameter Value
WE Au (S = 0.0201 cm2) Potential step 0.005V
RE Ag|AgCl|Cl™ Scanning rate 0.02 V/S
CE Pt grid Vieline 5mL
Potential range -0.2 +-1.6 (V) — -

(II) and Zn(II). The maximum adsorption capacities of 1.964 and 2.151
mmol g*1 were observed for Cd(II) and Zn(II) adsorption, respectively.
The desorption process was performed with EDTA, HCI, Ca(NOs), and
NaOH solutions. The results obtained show that the most effective so-
lution for the desorption process was EDTA solution which achieved
66.2 % and 67 % for Cd** and Zn?* release, respectively [26]. In 2022,
E.M. Valdés-Rodriguez et al investigated adsorption of Hg?*, Pb2*, Zn%*
using activated carbons which were fabricated from different biomasses
and desorption them to regenerate activated carbon adsorbent by HCl
and HNOj3 acids. The result showed that recovery performance was
Hg?" > Zn?" > Pb?" and activated carbon were regenerated best in
HNOs3 acid solution. In general, eluent solutions were used to desorb
metal ions from materials. The desorption mechanism of heavy metals
out of loaded material is dissolution in solvent or ion exchange [20].
Rafat Panek et al synthesized pure zeolite (Na-X) and a zeolite-carbon
composite (Na-X(C)) from fly ash — a waste from conventional hard
coal combustion. These materials were investigated as adsorbents of
heavy metal ions Pb%* and Zn" from an aqueous solution. Desorption of
Zn?* and Pb2* jons from the Na-X and Na-X(C) surface in single and
mixed systems using 0.1 M HCl or 0.1 M NaOH was studied. The results
indicated significantly larger desorption using 0.1 M HCI than 0.1 M
NaOH and desorption of higher Pb?* ions than Zn?* ions [42].

Although several papers have mentioned Zn?* adsorption by HAp
[23,25,26], the publications spontaneously researching on adsorption,
desorption, and metal recovery to recycling are limited. Up to date, there
are no works announcing the ability to desorb and recover metals by
direct electrolysis of the adsorbed material (M—HAp) in reline ionic
liquid (Choline Chloride-Urea mixture). This method has the advantage
of not requiring eluent solvent, shortening the metal recovery process,
friendly electrolysis environment. Moreover, the adsorbent materials
can be regenerated.

To date, there are some publications working on the electrochemical
precipitation of Cu>*, Zn?*, Cd?*, Co?, and Ni?* ions in deep eutectic
reline solvent (DES) [43-52]. In this article, the ability to adsorb Zn?t
ions in water using synthetic hydroxyapatite in the nanostructural form
was investigated. The desorption and recovery of metallic Zn were then
studied by electrochemical precipitation in reline electrolyte as the way
of recovery of that metal ions and its further reuse.

2. Experimental and methodology
2.1. Synthesis HAp powder

HAp powder was synthesized by chemical precipitation method in
water medium using initial materials Ca(NO3)2-4H20 (98 %, Merck),
(NH4);HPO, (99 %, Merck) and NH; (25-28 %, Merck) (Eq. (2.1). 0.3 M
(NH4)2HPO4 solution was added to 0.5 M Ca(NOs), solution at a rate of
1 mL min~!. During the reaction, the pH was kept stable at 10-12 with
concentrated NH3 solution and stirring was maintained at a speed of
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Fig. 2. The effect of HAp mass (at C3{ = 50 mg.L™%, T = 25 °C, pH = 5.0, t = 40 min) (a) and contact time (at C3{ = 50 mg.L %, muap = 0.15 g, T = 25 °C, pH = 5.0)

(b) on the HAp’s adsorption of Zn>*
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Fig. 3. The variation species of zinc according pH (a) and the effect of pH on the HAp’s adsorption of Zn?>" (b) at an initial concentration of 50 mg L™* Zn?**, HAp

dosage of 0.15 g, and contact time of 60 min.

800 rpm. After adding all (NH4)2HPO4, continued stirring for 2 h. The
sample was aged for 15 h, and then washed by centrifuging at 4000 rpm
with distilled water until reached neutral pH, dried at 80 °C for 24 h and
ground in an agate mortar to obtain HAp powder [31].

10Ca(NOs), + 6(NH,4),HPO, -+ 8NH; + 2H,0 —Ca-14(PO,), (OH),
+ 20NH;NO
2.1)

Synthetic HAp powder studied characterization by methods: FT-IR,
SEM, EDX, XRD and BET. The resulting synthetic HAp powder is
white, rod-shaped (Fig. 1a) with a specific surface area determined by
the Brauner, Emmett and Teller (BET) method of 91.42 mz/g.

The pHpzc (Point of Zero Charge) value of the HAp sample was
determined using the pH drift method. In this method, 0.1 g of HAp
material was added to a 50 mL solution of 0.01 M KCl (purity 99 %,
Merck) with varying initial pH values (pHp), which were adjusted using
0.01 M HCI (purity 37 %, Merck) or 0.01 M NaOH solutions (purity 99
%, Merck). The mixture was then vigorously stirred at 800 revolutions
per minute for 30 min using a stirrer. Afterward, the solution was
filtered, and the pH (pHj) of the filtrate was measured to calculate ApH

(2.2). A graph was constructed to illustrate the variation of ApH with
pHO. The pHpyc value was identified as the pHy at which ApH = 0. The
results indicate that ApH = 0 occurs at a pHg value of 7.34 (Fig. 1b). This
confirms that the pHpy of the HAp particles is 7.34.

ApH = pH, — pH; (2.2)

2.2. Adsorption of Zn?* using HAp powder

As the adsorption efficiency depends on many experimental factors,
the influence of factors: contact time, pH, adsorbent mass, initial Zn%*
solution concentration on the adsorption process was conducted by
adding a quantity of HAp powder into a container of 50 mL Zn%* solu-
tion with initial concentration in the range of 10-300 mg L™}, adsorp-
tion time varying from 5 — 120 min, pH of the solution 2.5-7.4, HAp
powder mass 0.01-0.15 g. The mixture was then stirred at a speed of
400 rpm. After adsorption process, the solution was filtered to separate
the solids and the remaining Zn?" ions were quantified using the
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) method on
ICAP Q ICP-MS (plasma exhaust 0.5-0.6 mbar, penning pressure 6x10~/
mbar, pirani pressure 2.0 mbar, cool gas 14 L min~?, plasma power
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Fig. 4. Adsorption isotherm of Zn>* follow Langmuir, Freundlich and Redlich-Peterson models.

Table 2

Experimental constants Qp,, Ky, K, n in the Langmuir and Freundlich equations of Zn?t adsorption process.

Langmuir Freundlich Redlich-Peterson
Qm Ky, R? n R? A B R?
30.65 0.2365 0.998 4.1762 10.3875 0.932 0.097 -0.28 0.990
Table 3 3.5
The parameters H (%), Q. (mg.g '), Kg when changing temperature in the Zn*" = -3348.51441 x + 12.96094
adsorption process (mass of HAp = 0.15 g, t = 60 min, pH 5.0). 2 i :
R“ =0.98587

T C(mgL™) HO) Q(mgg" Ky=Qu/Ce InKg 1/T 3.0-

298 3.26 9472 19.52 5.98 1.79  0.003356

318 1.99 96.78 19.94 10.02 2.30 0.003145

338 0.92 98.51 20.30 22.08 3.09 0.002959 -

348 0.71 98.86  20.37 28.81 3.36  0.002874 X 55

c
-l
1550 W, uptake time 30 s, wash time 30 s) instrument (Thermo Scien-
tific, Germany). 2.0 4
Adsorption capacity and adsorption efficiency were determined
using Egs. (2.3) and (2.4) [25,29]:
Q: (Co *Ce)XV/m (23) 1.5 T T T T T
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
Co—C -1
H= ( Oc e)xlOO 2.4 1T (K7)
0

In which: Q (mg g’l) and H (%) are the adsorption capacity and
adsorption efficiency, respectively; Co (mg L") and C, (mg L) are the
initial and remaining Zn?* ion concentrations after adsorption, respec-
tively; V is the volume of adsorption solution (L); m is the used mass of
HAp powder (g).

Fig. 5. The variation of LnKy versus 1/T.

Physicochemical characteristics of HAp before and after Zn%*
adsorption was analysed by methods: the phase component was ana-
lysed using X-ray diffraction (XRD) (Siemens D5000 diffractometer,
CuKa radiation, A = 1.54056 A, with a step angle of 0.030°, scanning
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Table 4
The parameters AH®, AS°, AG® in the Zn®* adsorption process.

T (K) AH® (kJ/mol) AS° (kJ/K) AG® (kJ/mol)
298 27.84 0.108 —4.27
318 —6.50
338 —8.66
348 —9.74

rate of 0.04285°/s, and 26 in the range of 10-70°). The structure was
analysed by infrared spectroscopy (FT-IR) on a Nicolet iS10 instrument
(Thermo Scientific, USA). Morphology and element components were
analysed by SEM-EDX on a FE-SEM-JSM-IT800 instrument (JEOL,
Japan).

2.2.1. Adsorption isotherm

The Zn%" adsorption ability of HAp was calculated based on the
Langmuir, Freundlich [25,29,30] and Redlich-Peterson [53] isotherm
models.

C, C, 1
Langmuir linear equation : — = —% + (2.5)
8 q Q Q KQn
1
Freundlich linear equation : InQ = InKy + H.lnCe (2.6)
. . Ce
Redlich — Peterson equation : lna = BInC, — InA 2.7)

where C, (mg L’l) is the concentration of Zn?* ions at equilibrium, Q
(mg g~ 1) is the adsorption capacity at equilibrium, Qp, (mg g~}) is the
maximum adsorption capacity, Ky, is the Langmuir coefficient, Ky and n
are the Freundlich constants, A is Redlich-Peterson isotherm constant, B
is Redlich-Peterson parameter.

2.2.2. Adsorption thermodynamics

Thermodynamic parameters include standard Gibbs free energy
change (AG®), standard enthalpy change (AH®) and standard entropy
change (AS®) of the Zn?" adsorption process on the synthetic HAp
powder was determined using the following equations [25,29,30]:

AG° = —RTInK, (2.8)
AH® 1 AS°

1 = — - = 2.

nKy R T+ R (2.9)

with R is the universal gas constant (8.314 J mol ! K’l), T is the ab-
solute temperature (K), and K is the equilibrium constant. The a and b

(@)

3
y = -0.04059 x + 1.9023

2] e R?=0.943
g1
g
5 01

1

2 . . . .

0 20 40 60 80 100

t (min)
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coefficients (in the linear line y = ax + b) of the graph InKq versus 1/T
are used to determine the values of AH®, AS°. The value of AG® is then
calculated according to the expression:

AG° = AH’ —TAS° (2.10)
2.2.3. Adsorption kinetics

The kinetics of the adsorption process was studied according to two
kinetic models: pseudo-first-order model (Eq. (2.11) and pseudo-second-
order model (Eq. (2.12) [25,29,30].

The pseudo — first — order model : In(Q, — Q;) = InQ, — kit 2.11)
The pseudo — second — order model : t_t_ L (2.12)
P Q%@ ka? '

In which, Q. is the adsorption capacity at equilibrium (mg g 1), Q is the
adsorption capacity at time t (mg g~ 1), k; and k;, are the first-order rate
constant (min~!) and the second-order rate constant (g mg’1 min’l),
respectively.

2.3. Desorption of Zn>" ions and recovery of metallic Zn by
electrochemical precipitation

2.3.1. Preparation of reline solvent

Deep eutectic solvent (DES) of reline was made from choline chloride
(ChCl, purity > 98 %, Sigma — Aldrich) and urea (U, 98 %, Sigma —
Aldrich). The two solid chemicals were mixed with a molar ratio of 1:2
and stirred at 60 °C for 3 h until a colorless and homogeneous liquid was
obtained [54].

2.3.2. Study of the cyclic voltammetry of Zn>* and Zn-HAp in a reline
electrolyte

In the cyclic voltammetry (CV) method, a voltage of a specified value
is applied to the working electrode and then scanned in the anode or
cathode direction to observe the corresponding current. In this mea-
surement method, the electrode surface must be restored before mea-
surement, the solution is not stirred and the mass transfer by diffusion.
From the CV curve, it is possible to confirm the electrochemical prop-
erties of metal ions under measurement conditions and observe the
positions of oxidation and reduction picks of the metal. On that basis, the
necessary voltage to precipitate metal on the cathode electrode is
determined.

The CV measuring device includes 3 electrodes immersed in an
electrolyte solution: working electrode (WE), reference electrode (RE)
and auxiliary electrode/counter electrode (CE) (Table 1).

(b)

y =0.05544 x + 0.24106

61 R?2=0.999

& 3]
1 1

t/Q; (min.g/mg)
¢

0 20 40 60 80 100 120

Fig. 6. Kinetic plots for the adsorption of Zn>* onto HAp according to pseudo-first-order kinetic (a) and pseudo-second-order kinetic (b) equations.
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Table 5
Values of k and Q. calculated by pseudo-first-order and pseudo-second-order
kinetic equations.

pseudo-first-order kinetic model ~ pseudo-second-order kinetic model Q. exp
Q(mg Iy R? Qc(mg ky(gmg' R (mg g™
gh (min ") g " min ")

6.70 0.04059 0.943 18.04 0.01275 0.999 17.40

2.3.3. Desorption of Zn** and precipitation of metallic Zn on the Au
electrode surface

The process of desorption of Zn?* ions from the zinc-adsorbed HAp
material (Zn-HAp) and precipitation of Zn metal was carried out in an
electrolysis cell using the applied current technique with three elec-
trodes: working electrode was a gold plate (surface geometric area = 1
cm?, Germany), reference electrode was an Ag|AgCl|Cl electrode and
counter electrode was a platinum mesh with a large area, and it was
connected to an Autolab PGSTAT20 potentiostat from Metrohm. Zinc
was recovered by electrochemical precipitation in reline solvent at
precipitation voltage <—1.06 V, T = 60 °C. The DES environment was
purged with nitrogen gas for at least 20 min before starting electrolysis
and during electrolysis process. Different current values were applied: 1,
2, 3, 5, 7.5 mA; the material mass was varied from 0.1-0.3 g; electrolysis
time was studied from 2 to 12 h; temperature of 60 °C. After electrolysis,
the Zn-HAp powder was filtered out from the mixture, then cleaned,
dried, and the amount of remaining Zn in the powder was determined
using the ICP-MS method.

3. Results and discussion
3.1. Effect of factors on Zn** adsorption efficiency and capacity of HAp

3.1.1. Effect of hydroxyapatite mass

The results of the study on the effect of HAp powder mass on the Zn?*
adsorption capacity and efficiency are presented in Fig. 2a. As the mass
of HAp powder increases from 0.005 to 0.15 g, the adsorption capacity
decreases from 40.56 to 14.73 mg g}, and the adsorption efficiency
increases from 7.05 to 82.60 %. When the mass of the adsorbent in-
creases from 0.15 g to 0.3 g, the adsorption efficiency gradually in-
creases and reaches 94.44 % due to the increased contact between the
adsorbent and the solution, and the increase in the number of adsorption
sites [8,29]. However, the adsorption capacity decreases gradually. To

Polyhedron 261 (2024) 117126

achieve simultaneous high adsorption capacity and efficiency (14.73 mg
g71; 82.60 %), a mass of 0.15 g of HAp powder was selected for the study
of Zn?** adsorption.

3.1.2. Effect of adsorption time

The variation of the adsorption efficiency and capacity of HAp over
time is listed in Fig. 2b. During the observation period, both the
adsorption capacity and efficiency increase rapidly in the first 45 min.
From 45 min onwards, the adsorption capacity and efficiency increase
slowly and stabilize around 16 mg g~ '; 95 % from 60 min onwards due
to reaching adsorption equilibrium. To achieve an appropriate magni-
tude of adsorption capacity and efficiency without prolonging the
adsorption time, the appropriate adsorption time is conducted within
60 min and is used for further study.

3.1.3. Effect of pH

The removal of Zn?* ions depends greatly on the pH of the solution
because pH alters the surface properties of the adsorbent and the forms
of metal ions present in the solution [55]. The forms of zinc ions are
indicated on Fig. 3a which is the same according to the publication by R.
R. Sheha [25], Zn(OH), begins to precipitate at pH 7.5. From pHy,. 7.34,
the experiments were investigated at a range pH of arount of 7.34.
However, to avoid the precipitation of Zn(OH),, the effect of pH was
investigated under conditions of pH < 7.4. Within this pH range, the
main form of zinc in the solution is Zn?*. The results of the variation in
adsorption capacity and efficiency of HAp according to pH are presented
in Fig. 3b.

From here, it is observed that within the pH range studied, the
adsorption efficiency and capacity increase as the pH increases. This
result is explained by the fact that in an acidic environment, the surface
of HAp particles is protonated, leading to a positively charged surface,
which reduces the number of adsorption sites and causes competitive
adsorption between H* and Zn?* ions [8,29], thereby decreasing the
adsorption capacity of HAp at low pH. On the other hand, at low pH,
HAp powder is dissolved partly, leading to a decrease in adsorption
capacity and efficiency. As pH increases, the positive charge density on
the surface decreases, enhancing the ability to adsorb Zn?* ions until
reaching a pH higher than pHpy¢ (7.34), which is favorable for Zn*" ions
adsorption, adsorption efficiency and capacity will increase rapidly. At
the pH of 5.0 (initial pH), that although smaller than pHpzc but
adsorption efficiency and capacity still reach quite high values (94.79 %;
15.80 mg g~ 1). Therefore, for an efficient treatment process, especially

Table 6
Comparison of the max adsorption capacity and adsorption efficiency of HAp and HAp-based adsorbents for heavy metals relative to our work.
Adsorbents Adsorbate (heavy metal pH Temperature  Q, (mg g™ }) H% Ref.
ions) )
Calcium hydroxyapatite Zn?! 68 30 102.04 mg.g~! - [25]
Magnetic hydroxyapatite nanoparticles Zn?t 5 25 140.63 mg.g’1 - [26]
cd** 22077 mg.g ' -
Hydroxyapatite Zn?! 5 25 0.993 mmol - [26]
g—l
cd** 1.137 mmol -
-1
Hydroxyapatite Zn*" 50 mg L1 5 room temp 57.504 mg g ! 40.36 [27]
Hydroxyapatite Zn?*t 50 mg L} 5 25 30.65 mg g~ ! 94.79 This
study
Hydroxyapatite/Fe;04/polydopamine Co®* 10 mg L! 6 25 49.32mg g ! 90 (the highest)  [28]
Hg** 10 mg L} 51.73 mg g~ ! 90 (the highest)
Ni>t 10 mg L! 48.09 mg g~ * 90 (the highest)
Hydroxyapatite Pb*t 10 mg L! 56 30 - 92 [29]
Co®" 10 mg L! 6 - 81.57
Ni2t 10 mg L™! 6 - 6
Hydroxyapatite/chitosan composite Pb** 10 mg L™! 56 30 12.04 mg g ! 93.5 [29]
Co®" 10 mg L! 6 10.63mg g ! 88.72
Ni2t 10 mg L! 6 8.54 mg g~} 80
Hydroxyapatite granules Pb>+ 55 30 7.99 mg g~ ! 95.92 [31]
Hydroxyapatite/carboxymethyl cellulose compositeNano Cr(II1) 100 mg L~? 20 12.89 mg g ! - [32]
hydroxyapatite Cr(II) 100 mg L.™* 9.03mg g~! =
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Fig. 7. FT-IR spectra (a) and XRD patterns (b) of HAp before and after Zn>* adsorption process.

Fig. 8. SEM-EDX analysis of Zn-HAp.
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Fig. 9. CV curves of reline containing Zn(NOs), (a) and Zn-HAp (b).

in the case of treatment with a large amount of solution, a solution pH of
5.0 (pHy) is selected for Zn%* adsorption in further studies.

3.2. Adsorption isotherm

The Zn?" adsorption was conducted under the following conditions:
0.15 g of HAp powder, adsorption time of 60 min at a stirring speed of
400 rpm, pHy 5.0, room temperature (30 °C), and 50 mL of Zn%* solution

with varying initial concentrations. Subsequently, the remaining Zn?*
concentration at equilibrium (C.) was determined, from which the
values of LnCe, LnQe, Co/Qe ratio and LnCe/Q. were calculated, and
Langmuir, Freundlich and Redlich-Peterson adsorption isotherm equa-
tions were determined (Fig. 4).

The results in Fig. 4 show that the Langmuir model (R? = 0.998) can
be used to describe the experimental data of the Zn?* adsorption process
by HAp under the studied conditions better than the Freundlich (R? =
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Fig. 11. SEM-EDX analysis of the surface of Au electrode after Zn-HAp electrolysis.

Table 7
Zn recovery efficiency from Zn-HAp at different current intensities t = 5h, mz,.
HAap = 0.38 T=60°C.

1 (mA) 1.0 2.0 3.0 5.0 7.5
H% 34.23 48.44 56.49 65.81 72.78
Table 8

Zn recovery efficiency from Zn-HAp with different Zn-HAp mass t = 5h, I = 7.5
mA, T = 60 °C.

m (g) 0.1 0.2 0.3

H% 83.55 79.43 72.78

0.932) and Redlich-Peterson (R?> = 0.990) models. This is consistent
with literature on HAp and adsorbents based on HAp for the adsorption
of heavy metal ions [8,24-26,29,30]. From the Langmuir isotherm
curve, the maximum adsorption capacity of Zn?" (Qp,) can be calculated
as 30.65 mg g~! (Table 2).

3.3. Adsorption thermodynamic

The adsorption thermodynamic investigation is important to evelu-
ate the spontaneous or unspontaneous adsorption process. The impact of
temperature was tested. When increasing the temperature of the
adsorption process, the adsorption efficiency and capacity also increase
(Table 3). The thermodynamic parameters including standard Gibbs free
energy change (AG®), standard enthalpy change (AH®), and standard
entropy change (AS°) of the Zn?" adsorption process on HAp powder
were determined using equations (2.7) and (2.8). From the calculated

results in Table 3, a graph of LnKq against 1/T was plotted (Fig. 5), from
which the values of AG®, AH®, and AS® were calculated and listed in
Table 4. The obtained results express negative values of AG® and positive
values of AH®, indicating that the adsorption process is spontaneous and
endothermic.

3.4. Adsorption kinetics

Fig. 6a presents the kinetic data using the Lagergren pseudo-first-
order equation, and Fig. 6b shows the kinetic data according to the
pseudo-second-order equations of McKay and Ho. The linear relation-
ship with a high correlation coefficient (R? = 0.999) between t/Q; and t
indicates that the adsorption of Zn?* on HAp is more suitable for the
pseudo-second-order model than the pseudo-first-order model (R? =
0.943). The calculated parameters according to these models are per-
formed in Table 5.

Based on the graphs obtained in Fig. 6, the rate constant (k) and the
adsorption capacity at equilibrium (Q,) were calculated (Table 5). The
value of Q. calculated according to the pseudo-first-order kinetic
equation (6.70 mg g~ ') differs significantly from the experimentally
determined Q. value (17.40 mg g_l) which is similar compared to the Q.
value calculated according to the pseudo-second-order kinetic adsorp-
tion equation (18.04 mg g’l). Furthermore, the regression coefficient of
the pseudo-second-order kinetic equation is R? = 0.999 ~ 1, meanwhile
the regression coefficient of the pseudo-first-order kinetic equation
(0.943) is far different from 1. This result indicates that the adsorption of
Zn?* by HAp follows a pseudo-second-order kinetic adsorption equa-
tion. The obtained results are consistent with numerous previous pub-
lications [8,24-26,29,30]. The determined rate constant of adsorption

process is 0.01275 g mg*1 min~1,
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Table 9
Zn recovery efficiency from 0.1 g Zn-HAp at current intensity of 7.5 mA and
different electrolysis times.

t(h) 2 3 4 5 6 8 10 12

H% 84.95 87.24 90.68 83.55 86.34 90.72 93.26 95.08

Table 10
Effect of temperature on Zn recovery efficiency t = 10 h, mz.pap =0.18 I=7.5
mA.

T (°C) 50 60 70 80

H% 86.73 93.26 94.14 94.76

The calculated results exhibit that the maximum adsorption capacity
of HAp for Zn*" ions is 30.65 mg g™, and the adsorption efficiency
reaches 94.79 % at a Zn" concentration of 50 mg L. This result shows
a higher adsorption efficiency compared to some publications using HAp
or HAp’s composites for Zn?" and other heavy metal ions adsorption.
However, the maximum adsorption capacity is lower than some publi-
cations using HAp for Zn?t adsorption and higher than modified HAp for
other heavy metal ions adsorption (Table 6). This which can be
explained due to our research conducted at lower pH. In addition, we
used more mass of HAp powder, so adsorption capacity obtained
smaller, but adsorption efficiency was higher than many other
publications.

3.5. Characterization of HAp before and after the adsorption process

The characteristics of HAp powder before and after the adsorption
process were analyzed using FT-IR, XRD, and SEM-EDX. The FT-IR
spectra shows that the Zn%* adsorption process does not alter the
functional groups in the HAp molecule (Fig. 7a). The absorption bands
in the region of 1102; 1038; 960; 603; and 585 cm ! are characteristic of
the PO3~ group. The absorption band of the P-OH bond is located at 880
cm™L. The absorption bands of free water are located at 3438; and 1638
em™ L. The X-ray diffraction patterns of HAp powder samples before
(HAp) and after Zn?t adsorption (Zn-HAp) (Fig. 7b) are similar. The two
most characteristic diffraction angles of HAp are at positions 20 =
31.76° and 25.85°. SEM images of HAp after Zn?* adsorption (Fig. 8a)
show that the surface morphology of both the original HAp (Fig. 1) and
HAp after Zn?* adsorption are rod-like shape. After the Zn?* adsorption
process, there is no significant change in the size and shape of the par-
ticles. The obtained results are almost identical in terms of the IR and
XRD spectra of HAp before and after the adsorption process, which may
be explained by the small amount of Zn entering the crystal structure of
HAp and replacing Ca, not enough to completely replace all Ca in HAp to
form ZnHAp, although many studies have reported on the ion exchange
mechanism between Zn?t and Ca%" in HAp [25-27]. The presence of Zn
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in HAp after the adsorption process is confirmed by EDX spectrum
(Fig. 8b).

Based on the results of characterization of HAp before and after the
adsorption process as well as other references, it can be proposed the
Zn?" adsorption mechanism as following, where Zn?* ions undergo
exchange reaction with the Ca®" jons of HAp as follows:

Cay0(PO4)(OH), +xZn** —Cayo_xZn.(PO4)q(OH), + xCa**

Futhermore, at low pH the dissolution a part of HAp in aqueous so-
lution containing Zn?* ions then the reaction can occur as follows:

Ca10(PO4)g(OH), + 14H' -10Ca*" + 6H,PO, + 2H,0

10Ca*" +xZn** + 6H,PO;, + 2H,0~Cayo_xZnyx(PO4)s(OH), + 14H"

3.6. Desorption of Zn>* and recovery of Zn metal

3.6.1. Cyclic voltammograms of Zn(NOgs), and Zn-HAp in reline electrolyte

The results indicate the presence of a reduction peak of Zn*" at —1.3
V and an oxidation peak of Zn° at —1.05 V on the CV curve of Zn(NQs)s/
reline (Fig. 9a). This observation aligns with previous reports on the CV
curve of reline containing Zn?* [45,47,48]. Furthermore, Fig. 9b dem-
onstrates the presence of a reduction peak of Zn?>* at —1.06 V and an
oxidation peak of Zn° at —0.6 V on the CV curve of reline containing Zn-
HAp. However, there is a transfer of peaks that observed from Zn(NO3),
due to the appearance of HAp. The mechanism of the deposition and
dissolution of Zn on the Au electrode can be described as following
[47,48,50-52]:

Step 1: Formation of a complex between Zn?* from Zn-HAp and Cl1™
from reline, resulting in ZnCl3~. Subsequently, the reduction of Zn?* (in
ZnCsz) to Zn metal occurs on the surface of the electrode:

ZnCl +2e—Zn+4Cl

Step 2: Stripping of Zn metal to Zn?*: Zn—2e — Zn>".

The CV results for Zn>" and Zn-HAp in the reline solvent demonstrate
that Zn?* ions can be desorbed from the loaded HAp material and
subsequently reduced to Zn metal on the surface of an Au electrode in
reline solvent, allowing for the recovery and reuse of the HAp adsorbent.
The deposition of Zn metal onto the Au electrode surface can be ach-
ieved at the potential <—1.06 V.

3.6.2. Effect of several impacts on the ability of Zn?* desorption from HAp
and zinc recovery

Zn?* ions were successfully desorbed from Zn-HAP, and Zn metal
was efficiently recovered through the electrochemical precipitation
method into reline solvent, utilizing applied current technique. The
deposition of Zn on the surface of the Au electrode is visually depicted in
Figs. 10 and 11.

SEM images show that the surface of the Au electrode before

: (b) I Spectrum 15
11
] [c2
e e s e e ey
0 2 4 6 8 keV|

Fig. 12. SEM (a) and EDX (b) analysis of the HAp material after the desorption.
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Fig. 13. FT-IR spectra of original HAp, regenerated HAp (a) and XRD pattern of original HAp, regenerated HAp (b).

Table 11
Adsorption capacity and efficiency of Zn>* ions using regenerated HAp material.

Initial Zn?* Remained Zn?* Adsorption Adsorption
concentration concentration efficiency capacity
Co (mg L™ Ce (mg L") H (%) Q(mg g™
50 6.860 86.28 14.38

electrolysis is smooth (Fig. 10), but there is an even metal layer after
electrolysis (Fig. 11). EDX analysis shows that the surface of the Au
electrode before electrolysis has no Zn peak, but after Zn-HAp elec-
trolysis, Zn peak appears.

a. Effect of electrolysis current intensity

Polarization of the cathode (Au electrode) at different current in-
tensities was carried out in 5 h at a temperature of 60 °C. The Zn re-
covery efficiency is provided in Table 7.

The results show that Zn?* was desorbed from Zn-HAp and Zn metal
precipitated on the Au electrode surface. Increasing the applied current
intensity leads to an increase in the amount of Zn precipitated on the Au
electrode surface, thus increasing the Zn?* recovery efficiency (Table 7).
Zn recovery efficiency reached 72.78 % after 5 h of electrolysis at a
current intensity of 7.5 mA.

b. Effect of mass of Zn-HAp

The variation of Zn recovery efficiency depending on the Zn-HAp
mass is shown in Tab. 8. The increasing in Zn-HAp mass leads to an
increase in the amount of Zn precipitated on the Au electrode surface but
a decrease in Zn recovery efficiency (Table 8). 0.1 g Zn-HAp was chosen
for further research to obtain recovery efficiency about 83.55 %.

c. Effect of electrolysis time

Table 9 describes the variation of Zn ions recovery efficiency ac-
cording to electrolysis time. Increasing electrolysis time leads to an in-
crease in the amount of Zn precipitated on the Au electrode surface, thus
increasing the Zn recovery efficiency. To obtain high Zn recovery effi-
ciency (93.26 %) without prolonging the electrolysis time, a time of 10 h
was chosen for further research.

d. Effect of electrolysis temperature

The variation of Zn recovery efficiency according to temperature is
indicated in Table 10. Increased temperature leads to increased diffusion
of Zn* ions, leading to an increase in the amount of Zn?" ions moving to
the electrode surface and precipitation on the cathode, thus Zn recovery
efficiency increases. With the desire to achieve high Zn recovery effi-
ciency (93.26 %), the required temperature for the electrolysis process is
60 °C. If the temperature continues to increase, the efficiency will not
increase significantly, so the appropriate temperature is chosen to be
60 °C. Comparing with the desorption efficiency of Zn?* from Zn-HAp of

10

73.5,100, 43.7, 10.2, and 8.9 % by using 0.05 M HCl, 0.1 M CuCl,, 0.1 M
Ba(OH),, 0.1 M CaCl, and H50, respectively (R.R. Seha [25]), and 67,
3.9, 0.6, 15.4 % by using desorption solvents such as EDTA, HCl, NaOH,
Ca(NOg)o, respectively (Y. Feng et all [26]), our research obtained much
higher desorption and recovery efficiency of Zn in reline solvent.

3.7. Mechanism of Zn?* desorption process

Based on the mechanism of electrochemical precipitation of some
heavy metals from their salts in reline solvent according to reference
documents, and also based on the results of SEM-EDX analysis of the Au
plate electrode surface, analysis of Zn-HAp compound after electrolysis
showed that Zn?" ions were released during the electrolysis of Zn-HAp
and precipitated on the Au electrode surface in the reline electrolyte.
Therefore, it can be proposed a mechanism to desorb Zn* ions from the
adsorbed HAp material (M—HAp) and recover M"" ions metal by elec-
trochemical precipitation method as follows:

In the formula of choline chloride, a component of the reline solvent,
containing Cl~ with molecular formula CsH;4CINO and structural for-
mula HOCH;CH2(CH3)3N'Cl, so the amount of Cl™ in reline is very high:

N/
HO/\/ *_\
o]
Step 1: Complexation reaction of Zn?t in Zn-HAp with CI” ion in
reline:

Zn-HAp + 4Cl~ — ZnCl3~ + HAp

Step 2: The process of reducing Zn?* in the ZnCl3~ complex to Zn
metal and precipitating on the Au electrode surface:

ZnCl3~ + 2e — Zn + nCl™

3.8. Regeneration of material after the desorption

During the electrolysis process, Zn" ions were successfully desorbed
from the loaded HAp material, allowing for the recovery of HAp material
for further adsorption.

a. Physicochemical characterization of regenerated HAp material

HAp material after Zn?* desorption process was investigated physi-
cochemical characteristics. The results are demonstrated in Figs. 12 and
13. The SEM image of the obtained HAp after electrolysis closely re-
sembles the original HAp material, retaining its rod shape. Additionally,
the EDX spectra indicates characteristic peaks of HAp, with no
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discernible Zn peaks (Fig. 12). FT-IR spectra and XRD pattern of the
original HAp and regenarated HAp (Fig. 13) show no significant dif-
ferences. Both original HAp and regenerate HAp have HAp’s charac-
teristic peaks and without other phases. This suggests that Zn?* ions
were effectively released from Zn-HAp, and the HAp material remained
unmodified after the electrolysis of Zn-HAp.

b. Evaluation the adsorption potential of regenerated HAp material

HAp powder obtained after the electrolysis process was cleaned,
dried to reuse for further adsorption. To assess the regeneration ability
of the HAp adsorbent, adsorption experiments were conducted under
apropriate conditions for Zn?>* adsorption. The results demonstrated
that the adsorption capacity and efficiency could reach 14.38 mg g !
and 86.28 %, respectively, after the first adsorption—desorption cycle
(Table 11). These findings show that the regenerated HAp material
displays significant adsorption capacity and efficiency for Zn?* ions. The
electrolysis process effectively desorbs Zn?* ions from the HAp material
and does not affect on HAp’s structure and characteristics, therefore the
adsorbent can be reused for subsequent adsorption processes.

4. Conclusion

This work demonstrates the efficient wat to remove Zn* ions from
water solutions and its subsequent recovery using the nanostructural
hydroxyapatite, where the optimal experimental conditions were as
follows: an initial Zn?* concentration of 50 mg L1, HAp mass of 0.15 g,
pH 5.0, contact time of 60 min at room temperature (25 °C), the
adsorption capacity and efficiency reached 15.80 mg g’1 and 94.79 %,
respectively. The adsorption process occurs as endothermic and follows
the Langmuir isotherm model with a maximum adsorption capacity of
30.65 mg g~ ! and pseudo-second-order kinetic model. Importantly, the
desorption of Zn?* from the loaded HAp material and the recovery of Zn
metal were conducted simultaneously in a non-toxic reline DES by the
electrochemical precipitation method. The results demonstrated that
93.26 % of the Zn metal amount can be recovered under suitable pa-
rameters. Following the Zn metal released from the loaded HAp material
and HAp can be reused for subsequent adsorption processes. The
adsorption capacity and efficiency achieved 14.38 mg g~! and 86.28 %,
respectively for reused HAp material under the studied suitable condi-
tions. This outcome opens the potential for utilizing HAp to remove Zn%*
ions from polluted water and recover Zn metal directly from loaded
material without elute solvent, avoid secondary pollution, and recover
useful metals from waste sources.
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