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ABSTRACT

Heavy metal pollution is a global environmental challenge. Removal of heavy metal ions by recyclable absorbents and metal
recovery by environmentally friendly methods are of high importance. In this study, hydroxyapatite (HAp) was synthesized
and employed for the removal of copper (Cu®*) and nickel (Ni**) ions from aqueous solutions. The adsorption behavior of both
metal ions was systematically investigated under various conditions, including changes in pH, contact time, initial concentration,
and adsorbent dosage. The adsorption capacity and efficiency for Cu** were measured at 49.53 mg.g™* and 99.06%, respectively,
while for Ni**, the values were 12.15mg.g™" and 80.99%. Adsorption isotherm analysis indicated a good fitting with
Redlich-Peterson models, while kinetic studies confirmed that the process followed the pseudo-second-order models, suggesting
chemisorption involvement. Furthermore, desorption of metal ions and recovery of elemental Cu and Ni were conducted via
electrodeposition in a choline chloride-urea (reline) deep eutectic solvent. Under optimal electrolysis conditions (current density
of 7.5 mA.cm ™2, 10-hour duration, 0.1 g metal-loaded HAp, and 60°C), recovery efficiencies reached 94.63% for copper and 94.80%
for nickel. The regenerated HAp retained significant adsorption performance, with capacities of 39.25 mg.g™* for Cu*" and
11.18 mg.g~" for Ni**, corresponding to removal efficiencies of 78.49% and 74.60%, respectively. Synthesized HAp could be poten-

tially an effective, recyclable adsorbent for the treatment and recovery of heavy metals from wastewater.

1 | Introduction

The increasing discharge of heavy metals into aquatic environ-
ments due to industrial activities such as mining, electroplating,
battery manufacturing, and metal refining has become a serious
global concern [1]. Among these, Cu** and Ni** are two commonly
encountered transition metal ions that exhibit toxic effects on
aquatic ecosystems and human health when present above permis-
sible limits. Exposure to excess copper can lead to liver and kidney
dysfunction [2], while nickel is a known allergen and potential
carcinogen [3]. Owing to their nonbiodegradable nature and
high toxicity, the removal and recovery of Cu®* and Ni** from
wastewater are crucial for environmental protection and resource
sustainability. Conventional treatment methods—such as chemical

© 2026 Wiley-VCH GmbH.

precipitation, ion exchange, membrane separation, and electro-
chemical techniques—often suffer from high operational costs,
sludge generation, or limited selectivity [4]. Therefore, developing
cost-effective, efficient, and recyclable materials for heavy metal
remediation is of great practical and environmental significance.

Hydroxyapatite (HAp), with the chemical formula Ca;4(PO4)s(OH),,
has attracted increasing attention as a promising adsorbent for
heavy metal removal due to its low solubility, biocompatibility,
high ion exchange capacity, and structural affinity for divalent
metal cations. Its ability to remove various heavy metals—such
as Pb**, Cd**, Cu**, and Ni**—has been reported in numerous
studies [2, 5-9]. The unique crystal structure of HAp allows for
ion exchange between calcium and metal cations, aswell as surface
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complexation and precipitation mechanisms, contributing to its
high adsorption efficiency. Additionally, the nanostructured form
of HAp with high surface area enhances its reactive sites,
further improving its adsorption capacity. These properties,
coupled with its availability and environmental safety, make
HAp aviable candidate for heavy metal remediation from contam-
inated water sources. However, the full potential of HAp as a recy-
clable adsorbent, especially regarding desorption and metal
recovery, remains underexplored and requires further
investigation.

In addition to effective removal, the ability to recover valuable
metals and regenerate the adsorbent is essential for advancing
sustainable water treatment technologies. Recycling copper and
nickel not only mitigates environmental hazards but also con-
tributes to the circular economy by recovering useful resources.
Conventional recovery methods often rely on harsh chemicals
or generate secondary pollutants, highlighting the need for
green recovery approaches. Electrodeposition, particularly in
environmentally friendly media such as deep eutectic solvents
(DESs), offers an efficient, low-toxicity, and selective route for
metal recovery [10]. Among these, reline (a mixture of choline
chloride and urea) has been widely studied for its tunable phys-
icochemical properties, thermal stability, and compatibility
with metal salts. Furthermore, the regeneration of HAp after
desorption ensures continued use of the material in multiple
cycles, improving process economics and reducing waste.
Assessing the reusability of HAp after recovery processes is thus
critical to validate its role as a practical and recyclable
adsorbent.

Although several publications have mentioned Cu®* and Ni**
adsorption by HAp-based materials [6, 11-17], there are no
papers spontaneously researching adsorption, desorption, and
metal recovery to recycle HAp materials to date. This study aims
to evaluate the performance of HAp as a multifunctional material
for the adsorption of Cu?** and Ni** ions from aqueous media, as
well as to investigate the desorption simultaneously recovering
these metals and regenerating absorbed HAp material. The
research focuses on determining the optimal adsorption condi-
tions including pH, adsorption time, initial concentration, and
dosage for both metals. Adsorption isotherms and kinetic models
are applied to understand the mechanisms involved in metal
uptake. Furthermore, the study investigates the desorption of
adsorbed metals and their electrochemical recovery via electro-
deposition in reline electrolyte under controlled conditions. The
efficiency of the regenerated HAp in subsequent adsorption
cycles is also examined. By integrating adsorption, recovery,
and regeneration into a single approach, this work contributes
to the development of ecofriendly and resource-efficient strate-
gies for wastewater treatment, with implications for both envi-
ronmental protection and metal resource management.

2 | Experimental Section

2.1 | Preparation of Metal Ion Solutions and
Reline Solvent

Copper nitrate trihydrate (Cu(NOs),-3H,0) and nickel
chloride hexahydrate (NiCl,-6H,0) were analytical-grade
reagents obtained from Merck (Germany). Choline chloride

(ChCl, >98%) and urea (U, 98%) were purchased from
Sigma-Aldrich. The DES, commonly referred to as reline,
was prepared by mixing ChCl and urea at a molar ratio of
1:2. The solid mixture was stirred continuously for 3h at
60°C. A homogeneous, transparent solution was formed,
consistent with methods previously reported [18, 19].

2.2 | Synthesis of HAp

HAp powder was prepared via a chemical precipitation route in
aqueous medium utilizing calcium nitrate tetrahy-
drate (Ca(NOs),-4H,0), ammonium hydrogen phosphate
((NH,),HPO,), and ammonia (NH3) as precursors [19]. The syn-
thesis reaction is shown in Equation (1) . A 0.3 M solution of
(NH,4),HPO, was slowly added dropwise to a 0.5 M Ca(NOs),
solution at a constant rate of 1 mL/min under continuous
stirring at 800 rpm. The pH of the reaction was maintained
between 10 and 12 by adding concentrated NH; solution.
After the complete addition of phosphate, the reaction mixture
was stirred for an additional 2 h, then aged at room temperature
for 15 h. The resulting precipitate was repeatedly washed with
distilled water until neutral pH was achieved using centrifuga-
tion at 4000 rpm. The purified product was then dried at 80°C
for 24 h and finely ground to obtain uniform HAp powder [7].

10Ca(NO;), + 6(NH,),HPO, + 8NH; + 2H,0 —

@®
Cayo(PO,),(OH), + 20NH,NO;

2.3 | Adsorption of Cu® and Ni*" onto HAp

The adsorption of Cu** and Ni** onto HAp was performed by
adding HAp to 50 mL of metal ion solution and stirring at
400 rpm. Key parameters such as contact time (10-120 min),
pH (2.35-7.0), HAp dose (0.3-1.0 g), and initial metal concentra-
tion (20-80 mg.L ") were varied to evaluate adsorption behavior.
After filtration, residual metal concentrations were measured by
the inductively coupled plasma mass spectroscopy
(ICP-MS) method on ICAP Q ICP-MS instrument (Thermo
Scientific, Germany). Adsorption capacity (Q, mg.g™") and effi-
ciency (H, %) were calculated using [16, 20]:

Q=(C=-C)-V/m @)
H = (Cy—C) - 100/C, 3)

where, C, and C (mg.L™") are initial and final concentrations, V
(L) is solution volume, and m (g) is HAp mass.

2.4 | Adsorption Isotherms and Kinetics

Equilibrium data were fitted to Langmuir, Freundlich, and
Redlich-Peterson models (Equations (4)-(6)) to describe the
adsorption mechanism [21, 22].

KL.C
Langmuir non — linear equation:Q,=Q,,. ——— (4
gmui inear equation: Qe=Q- 1 o0 (@)
Freundlich non — linear equation: Q, =Kp. in 5)
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Redlich-Peterson non — linear equation Q, = KLC‘:,J (6)
1+agp.C,
where, C, (mg.L™") presents the M*" concentration at equilib-
rium, Q (mg.g™") indicates the adsorption capacity at equilib-
rium, Q,, (mg.g™') is the maximum adsorption capacity, K; is
the Langmuir coefficient, Kr and n are the Freundlich constants,
Kgp is the RedlichPeterson constant, agp is the Redlich-Peterson
equilibrium constant, and b is the exponent of the Redlich-
Peterson model.

Kinetic behavior was analyzed using pseudo-first-order and
pseudo-second-order models (Equations (7) and (8)) to determine
the adsorption rates and mechanisms [23].

The pseudo-first-order non-linear model: Q, = Q,.(1—e™® -‘)(7)
k. Q2.t
1+k,.Q,.t

®)

The pseudo—second—order non—linear model: Q, =

in which, Q, (mg.g") and Q, (mg.g™") are the adsorption capacity
at equilibrium and at the time ¢, respectively; k; (min™!) and
k, (g.mg~".min™") are the first-order rate constant and the sec-
ond-order rate constant, respectively.

2.5 | Desorption of Metal Ions in DES

Cyclic voltammetry (CV) of Cu**, Ni**, and M-HAp in reline was
conducted to investigate the electrochemical properties of
Cu**and Ni** ions under measurement conditions and find
out the position of oxidation and reduction peaks of the metals.
Based on that, the voltage required to precipitate metal is deter-
mined. CV measurements were performed using an Autolab
PGSTAT20 potentiostat with a three-electrode setup: a gold
working electrode (0.0201 cm?), an Ag/AgCl reference electrode,
and a platinum grid counter electrode. For M**/reline systems,
5mL of reline containing 0.005 M Cu®* or Ni** was used as the
electrolyte. For M-HAp/reline systems, 0.5 g of Cu- or Ni-loaded
HAp was dispersed in 5 mL of reline. CV was conducted in the
range of -0.2 to -1.6 V at a scan rate of 0.02 V/s (Table 1).

Metal desorption from M-HAp and simultaneous recovery via
electroplating were carried out in a three-electrode electrolysis
cell using a gold plate (1cm?) as the working electrode. The
M-HAp/reline suspension was stirred at 60°C under N, purging.
Electrolysis was conducted at <-0.4V for Cu®>* and -0.6V

TABLE1 | CV scanning parameters of 0.005 M M>* and 0.5 g M-HAp
in reline.

Parameter Value Parameter Value
WE Au Potential —-0.2 +-1.6
(S=0.0201 cm?) range %)
RE Ag/AgCl/CI™ Potential 0.005V
step
CE Pt grid Scanning 0.02V/s
rate
Vreline 5mL

for Ni**. Key variables studied included current density
(1-7.5mA.cm™?), electrolysis time (1-12h), and M-HAp mass
(0.1-0.3 g). After electrolysis, solids were filtered, washed, dried,
and analyzed by ICP-MS to determine remaining metal content.

2.6 | Characterization Methods

The scanning electron microscope (SEM) images, combined with
energy dispersive X-ray scattering spectroscopy (EDS) using the
FEI Quanta 450 device, were used to determine the morphology
and composition of the HAp and M-HAp materials. X-ray diffrac-
tion (XRD) measurements were conducted with a Siemens D5005
machine to confirm the phase composition of both HAp and
M-HAp. The surface morphology and composition of Au electro-
des were examined before and after the electrolysis process
through SEM images and EDS results. The structure of the mate-
rials was investigated using Fourier transform infrared spectra
(FT-IR) from a Nicolet iS10 instrument (Thermo Scientific,
USA). The Brunauer, Emmett, and Teller (BET) method, utiliz-
ing a TriStar II Plus analyzer, was employed to determine specific
surface area.

The point of zero charge (pH,,.) for HAp was measured by the
pH drift method [6, 24, 25]. This involved adding 0.2 g of HAp to
50 mL of 0.01 M KClI (99%, Merk), with various initial pH values
(pHo) adjusted by 0.01 M HCI (37%, Merk) or NaOH (99%, Merk).
After stirring at a speed of 800 rpm for 30 min and filtering, the
final pH values (pHj) of the solution were recorded to calculate
the difference in initial and final pH values (ApH = pH, — pHy).
The variation of ApH with pH, was illustrated in a graph. The
pH,, was identified as the point of pHy at which the ApH equals
Zero.

3 | Results and Discussion
3.1 | Characteristics of Synthesized HAp

The SEM image in Figure 1a reveals that the synthesized HAp
exhibits a rod-like nanostructure. These rod-shaped crystallites
are characteristic of HAp synthesized via aqueous precipitation
methods and indicate a high surface-to-volume ratio, which is
favorable for adsorption applications [26]. The morphology sup-
ports efficient interaction with metal ions due to the abundant
active surface sites and potential ion-exchange pathways.
Figure 1b presents the nitrogen adsorption-desorption isotherm
of HAp, which corresponds to a type IV isotherm with a hystere-
sis loop, indicative of mesoporous structure [27]. The isotherm
shows a steep uptake at higher relative pressures (P/P,> 0.8),
confirming capillary condensation in mesopores [28]. The
BET-specific surface area was determined to be 91.42m°/g,
which is relatively high for HAp materials synthesized. These
results demonstrate that the synthesized HAp possesses favorable
structural and textural properties for potential use as an effective
adsorbent.

Through the utilization of the pH drift method, the pHy,. of
synthesized HAp was determined by plotting the difference in
pH (ApH = pH, - pHs) against pH,. It was shown in Figure 2
that the pH,,. of HAp was 7.34. The pH,. of HAp-based materi-
als could range from 5.8 to 10, depending on the synthesis
conditions [12, 14, 29, 30]. According to Smiciklas et al. [29],
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3.2 | Cu®', Ni** Adsorption on Synthesized HAp

3.21 | Effect of Factors on Adsorption Efficiency and

Figure 3 illustrates the influence of contact time on the adsorp-
tion efficiency (H) and capacity (Q) of Cu®* and Ni** ions onto
HAp synthesized. For Cu®", at an initial concentration of
50mg.L~%, pH 5.35, and 0.03 g of HAp, both Q and H rapidly
increased within the first 60 min, reaching near-equilibrium val-
ues of ~74mg.g™" and ~99%, respectively. This rapid uptake sug-
gests strong interaction between Cu”* ions and available active
sites on HAp. After 60 min, the curves plateau, indicating satu-
ration of adsorption sites and equilibrium attained. For Ni**,
under the same initial concentration but at pH 5.57 and 0.05g

FIGURE 1 | SEM image (a) and BET result and (b) of synthesized HAp powder.

4
y =-0.90893x + 6.67061
34 R? = 0.99593 .
Capacity
24
1
ApH
0 T d
3 10
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2
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FIGURE 2 | pHp,. of synthesized HAp powder.

materials with a higher pH,,,. may exhibit increased sorption of
metal ions due to possessing a greater excess of negative charge
on their surface. As the pH,,, is an indicator of the net charge of
HAp, the obtained result means that the surface of synthesized
HAp becomes predominantly positive at pH < 7.34, while above
this value, the surface will be negatively charged. For this reason,
it may have a strong influence on the adsorption behavior of
synthesized HAp in the solution at a different pH.

%1 Cu */f_—"—_} B
88 */*/*’T—_* - 72
86 - */ - 70 <
O . sl
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/ L 66
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0 2 @ e s w0
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FIGURE 3 | Effect of contact time to adsorption efficiency and capacity of Cu?t (CCu2+=SO mg.L_l, T=25°C, pH=5.35,

Ni** (Cni* =50 mg L™, T'=25°C, pH = 5.57, Myap=0.05 g).

HAp, Q and H increased sharply up to 60 min, achieving maxi-
mum values of ~25mg.g”~" and ~87%. The adsorption rate was
slightly slowercompared to Cu?*, possibly due to the lower affin-
ity or slower diffusion of Ni** into HAp’s porous structure.
Beyond 60 min, only marginal increases were observed, confirm-
ing equilibrium established. These results suggest that 60 min is
sufficient for efficient removal of both Cu®* and Ni** using HAp.

Figure 4 presents the effect of initial pH on the adsorption behav-
ior of Cu®* and Ni** ions onto synthesized HAp. The results
showed that the adsorption amount of both Cu?* and Ni*" ions

56 -
: L 26
Ni —b——1
52 4 {/
At L.
./§ i/ ‘Tm
T / ;
T _F :::g - 22 E:
(¢}
444
§/ L 20
40 4 !/ [ s
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Myap=0.03 g) and
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on HAp increased with the increase in solution pH, indicating a
strong effect of pH on the adsorption ability as mentioned in the
above section. This finding is consistent with that obtained in
previous research on the adsorption behavior of copper and
nickel ions on magnetic HAp [15] and kaolinite [31]. For
Cu®* (Figure 4a), at a constant adsorbent mass of 0.03g,
50 mg.L_1 initial concentration, and 60-min contact time, both
adsorption efficiency (H) and capacity (Q) increase significantly
with rising pH from 2.5 to 5.35. The adsorption capacity reaches a
maximum of ~8l.4mgg™', with nearly 100% removal
efficiency, indicating enhanced electrostatic attraction and
surface complexation under near-neutral conditions. Below
pH 4.0, the lower adsorption is likely due to competition between
H* ions and Cu®' for active sites. Similarly, Figure 4b
shows that for Ni** (0.05g HAp), adsorption improves as pH
increases from 2.5 to 5.57, with Q rising from ~11mg.g™" to
~35mg.g ! and H exceeding 70%. At low pH, protonation of
the HAp surface suppresses Ni** binding, while at higher pH val-
ues, reduced competition from H* and increased availability of
binding sites enhance metal uptake [32]. All investigated
pH ranges were lower than pHy,. = 7.34, leading to the positively
net charged surface, which was unfavorable for the adsorption of
Cu?" and Ni**. It suggested that, besides electrostatic interaction,
surface complexation should play an important role in the

[ ]
105 - o— = |80
Cu ./././. [0

90 ./ /./

/ /. e
. 751 o ] e 50

2 / o
T 60 . 40
L 30

451
y, L 20
301 10
| |
T T T T T
2 3 4 5 6 7

Q, mg.g™’

adsorption process. Although a high pH solution (>pH,,.) could
make the negatively net charged surface, which is favorable for
adsorption, the metal precipitation should occur under that con-
dition. In order to avoid metal precipitation, the pH of the solu-
tion was chosen at 5.35 and 5.57 for the next investigation of Cu®*
and Ni** adsorption, respectively.

Figure 5 illustrates how varying the mass of HAp influences
the adsorption of Cu** and Ni** ions. In Figure 5a, for Cu**
(Co=50mg.L™", pH 5.35, t =60 min), the adsorption efficiency
(H) increases sharply with HAp mass, reaching nearly 100%
at 0.05g. However, the adsorption capacity (Q) decreases
significantly from ~130mgg™' at 0.0lg to ~25mgg* at
0.1 g. This inverse trend results from the fixed amount of Cu**
in solution: increasing HAp mass provides more active sites,
improving efficiency, but reduces Q due to fewer Cu®* ions
per gram of adsorbent. Similarly, Figure 5b shows that for
Ni** (Co=50mgL™", pH 5.57, t=60min), H increases with
HAp mass, peaking at ~40% with 0.1 g, while Q decreases from
~39mg.g™" to ~12mg.g". The lower overall efficiency for Ni**
compared to Cu®* suggests weaker interaction with HAp. These
results confirm that adsorption efficiency benefits from increased
adsorbent mass, while capacity per gram decreases due to dilu-
tion of available metal ions across more active sites.
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FIGURE 4 | The influence of pH on the adsorption capacity and efficiency of Cu®* (Mpap=0.03g, Ceu®t =50mg. LY, T=25°C, t=60min) and

Ni** (myap=0.05g, Cni>* =50 mg.L™", T=25°C, ¢ =60 min).
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FIGURE 5 | The effect of HAp mass on the adsorption capacity and efficiency of Cu** (Cc,** =50 mg.L™", T=25°C, t =60 min, pH = 5.35) and

Ni** (Cni®t =50 mg.L ™", T=25°C, t=60min, pH = 5.57).

ChemPlusChem, 2026

50of 15



Figure 6 illustrates the effect of increasing initial metal ion con-
centrations on the adsorption behavior of synthesized HAp for
Cu** and Ni**. For Cu** (0.05 g HAp, pH 5.35, t = 60 min), both
adsorption capacity (Q) and efficiency (H) increase steadily with
initial concentration ranging from 10 to 80 mg.L™". Q reaches
approximately 76 mg.g~* at the highest concentration, and H
continues to rise, suggesting that Cu®* ions remain in excess
relative to the available binding sites, favoring continued uptake
without site saturation within the investigated range. In contrast,
Figure 6 shows that for Ni** (0.1g HAp, pH 5.57), adsorption
capacity increases with initial concentration up to ~17.5mg.g™*
at 30 mg.L™", beyond which it plateaus, indicating saturation of
available adsorption sites. Correspondingly, adsorption efficiency
(H) rises rapidly at low concentrations and levels off above
30mg.L7%, reflecting a balance between available Ni** and
HADp active sites. These results demonstrate that Cu** exhibits
a stronger interaction and higher loading potential with HAp
compared to Ni** under similar conditions. This is similar to that
of papers observing the adsorption of Cu®** and Ni** [32-35].
According to Mobasherpour et al. [36], OH™ and PO,>~ groups
presented on the HAp surface are Lewis bases. Both Cu** and
Ni** ions are borderline acids, which could interact with these
Lewis bases. However, Cu®* with a larger radius (0.073 nm)
compared to that of Ni** (0.069 nm) could result in a more stable
connection with the OH™ and PO,>~ groups presented on the HAp
surface [37-39]. This is one of the reasons explaining the greater

100

; - 80
—
99.- § .\i—l\* L 70
L 60
98
L 50
2 g S
T L40 E
le]
96 L 30
954 L 20
L 10
.
10 20 30 40 50 60 70 80
-1
C,, mg.L

adsorption capacity for Cu®* rather than Ni**on synthesized HAp.
Moreover, the hydration energy value of the Cu** ion (—2100 kJ/
mol) is lower than that of Ni** ion (—2105kJ/mol) [40], giving
Cu®* more chance to escape the hydration layers to cooperate with
functional groups of the HAp surface than Ni**.

3.2.2 | Adsorption Isotherms of Cu*" and Ni*" Ions on
HAp

Figure 7 and Table 2 illustrate the adsorption isotherms of Cu**
and Ni** ions on synthesized HAp, modeled using Langmuir,
Freundlich, and Redlich-Peterson equations. The high extent
of approximation of a model was confirmed by both the highest
value of adjusted R-square (R?), and the smallest value of sum of
squared errors (SSEs) [41]. For Cu®* (Figure 7a), the Langmuir
model provided a good fit with a high adjusted R* of 0.98852 and
SSE of 37.249, indicating monolayer adsorption onto a homoge-
neous surface. The maximum adsorption capacity (Q,,) was
81.31mgg™", and the Langmuir constant (K;) was 2.82L.mg™",
suggesting strong binding affinity. The Freundlich model showed
a lower fit (R*> =0.87142 and SSE = 417.2599), although the value
of n=3.21 (>1) confirms favorable adsorption. The Redlich-
Peterson model yielded the best correlation (R*=0.98899 and
SSE = 29.78717), bridging both Langmuir and Freundlich behav-
iors with b ~ 1.07, further validating the dominant monolayer
adsorption mechanism with slight heterogeneity [41, 42].
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FIGURE 6 | The influence of the initial concentration of Cu?** (myap =0.05g, pH = 5.35, T = 25°C, t = 60 min) and Ni2* (mpap=0.1g, pH,=5.57,

T=25°C, t=60min) on the adsorption capacity and efficiency.
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FIGURE 7 | Adsorption isotherms of Cu®* (a) and Ni** (b) at 25°C according to Langmuir, Freundlich, and Redlich-Peterson models.
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TABLE2 | Q, K, Kp, n, Kgp, agp, and b parameters of the Langmuir, Freundlich, and Redlich-Peterson models for the Cu*" and Ni** adsorption

process.
Langmuir Qm K; Adj-R? SSE Chi-square (%)
Cu? 81.31 = 2.42 2.82 = 0.26 0.9885 37.249 6.208
Ni** 18.78 = 0.61 0.40 = 0.07 0.9665 4.779 0.796
Freundlich Kr n Adj-R?
Cu? 51.67 £ 3.25 3.21 £ 0.52 0.8714 417.259 69.543
Niz* 7.64 = 0.73 0.24 £ 0.03 0.9320 9.530 1.588
Redlich-Peterson Kgp agp b Adj-R? SSE Chi-square (%)
Cu? 201.17 + 26.15 2.26 = 0.49 1.067 £ 0.063 0.9889 29.787 5.957
Ni%* 13.77 £ 4.56 1.10 = 0.53 0.887 = 0.045 0.9764 2.756 0.551

For Ni** (Figure 7b), the Langmuir model also fitted well
(R*=0.9665 and SSE=4.77912), with Q,,=18.78mg.g' and
K;=0.41Lmg"", indicating weaker interaction compared to
Cu®*. The Freundlich model had a good fit (R*=0.93208 and
SSE =9.53051), but the low value of n=0.24 (<1) suggests unfa-
vorable or limited multilayer adsorption. The Redlich-Peterson
model again showed superior agreement (R*=0.97642 and
SSE = 2.75689), with b ~ 0.89, supporting a hybrid adsorption
mechanism that involves both monolayer and heterogeneous sur-
face interactions. Overall, the combined Langmuir and Freundlich
model (Redlich-Peterson) was well fitted to the adsorption of Cu**
and Ni** ions on synthesized HAp.

The adsorption capacity of materials based on HAp for Cu** and
Ni?* varies significantly depending on material nature, synthesis
method, and structural modification. The Cu** and Ni** maximum
adsorption capacity of several materials based on HAp was given in
the Table 3. In the current study, the synthesized HAp exhibited a
maximum Cu** adsorption capacity (Q,,) of 81.31 mg.g~" and Ni**
capacity of 18.78 mg.g™', placing it among the highly effective
unmodified HAp materials. For Cu**, the Q,, value of 81.31 mg.g ™"
is higher than that of HAp derived from Bio-Rad (30.72 mg.g™") [4]
and apatite ore (69.59 mg.g™") [5-9], but slightly lower than com-
mercial Alfa-Aesar HAp (96.64 mg.g™") [1]. This indicates that
the synthesized HAp offers competitive performance, potentially
enhanced by its nanostructure and high surface area. For NiZt,
the synthesized HAp shows moderate capacity (18.78 mg.g ™) com-
pared to other modified HAp-based materials. While it surpasses the
unmodified HApin Ref. [9] (46.17 mg.g ™), it is significantly outper-
formed by functionalized composites such as HAp nanoparticles
impregnated on apple pomace (100 mg.g~") [17], CHA/MFC hybrid
(119 mg.g™ 1) [44], and HAp/Fe;0,/CS composite (112.36 mg.g™")
[45]. These modifications likely improve dispersion, surface chem-
istry, and availability of functional groups, boosting Ni** affinity.
Overall, the synthesized HAp shows strong Cu** adsorption and
moderate Ni** uptake, with potential for further enhancement
through surface functionalization or composite formation.

3.2.3 | Kinetics of the adsorption process of Cu®*
and Ni**

Figure 8 and Table 4 show the kinetic modeling of Cu** and Ni**
adsorption onto synthesized HAp using pseudo-first-order
and pseudo-second-order models. For Cu?** (Figure 8a), the

TABLE 3 | The Cu®* and Ni** maximum adsorption capacity of
several materials based on HAp.

Qmax (mg.g™")

Materials Cu** Ni** Ref.
HAp (Bio-Rad) 30.72 [4]

HAp (Alfa-Aesar) 96.64 [1]

HAp (Apatite ore) 69.59 [5-9]
HAp (Bovine bone) 25.7 [43]
HAp (This work) 81.3 18.8

HAp (Eggshell) 10.58 9.5 [32]
HAp 46.17 [9]

HAp (impregnated on 100 [17]

apple pomace)

CHA/MFC (carbonated 2.021 mmol.g™* [44]

HAp/modified (119mgg™)
microfibrillated

cellulose)

HAp/Fe;0,/CS 112.36 [45]

experimental equilibrium adsorption capacity (Q.exp) was
73.75 mg.g~". The pseudo-second-order model provided a higher
R? of 0.87999 and a smaller SSE of 8.87507 than the pseudo-first-
order model (R* = 0.50501 and SSE = 36.60525), with a calculated
Q. value of 74.80 mg.g™", closely matching the experimental data.
Similarly, for Ni** (Figure 8b), the pseudo-second-order model
also gave a higher R* value (0.90865) and lower SSE (3.52116)
than the pseudo-first-order model (R*=0.66662 and
SSE = 12.84978), and its predicted Q, (26.58 mg.g™") aligned well
with the experimental Q, (25.60 mg.g™"). The results measured
indicate that the adsorption of Cu** and Ni** is better described
by the pseudo-second-order model. These results are highly con-
sistent with some literature published about heavy metal adsorp-
tion kinetics on HAp-based material’s surface [8, 12, 20, 46]. The
superior fit of the pseudo-second-order model for both ions sug-
gests that the adsorption process is likely controlled by chemical
interaction involving lectron sharing, covalent bonding, or ion
exchange between the metal ions and functional groups on
the HAp surface rather than by simple diffusion or mass transfer
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FIGURE 8 | Adsorption data modeled using pseudo-first-order law and pseudo-second-order law of Cu®* (a) and Ni** (b).

TABLE 4 | The values of k and Q, follow pseudo-first-order kinetic and pseudo-second-order kinetic.
Pseudo-first-order Kinetic Pseudo-second-order Kinetic Qe exp
Q., ki, R? SSE Chi- Q., k, R? SSE Chi-
mg.g™ min™ square  mgg~’ g.mg™.min™" square
Ccu*t 71.83 0.215 0.5051 36.6052 6.1008 74.79 0.007 0.8799 8.8750 1.4791 73.75
Ni** 24.72 0.125 0.6666 12.8497 1.8356 26.58 0.008 0.9086 3.5211 0.5030 25.60

[11]. In other words, chemical adsorption plays an important role
for Cu** and Ni** adsorption on HAp.

3.2.4 | Characterization of HAp before and after
Adsorption Process

FT-IR, XRD, and SEM-EDS were employed to characterize HAp
powder both before and after the adsorption procedure. The FT-
IR spectra indicated that the Cu** adsorption procedure as well
as the Ni** adsorption procedure did not modify the functional
groups present in the HAp (Figure 9a). The absorption bands at
1089, 1032, 962, 603, and 567 cm™' are representative of the
PO,*>~ group in HAp [47, 48]. The absorption band located at
873 cm™! is the characteristic of the P~-OH bond. The absorption
bands at 3452 and 1637 cm™ presented for free water. The XRD

(a) (b)

Transmittance
Intensities

1089,

o
©
o

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™

patterns for HAp, Cu-Hap, and Ni-HAp samples were similar
(Figure 9b). The diffraction angles of 20 = 31.74° and 25.83°
symbolized for HAp materials [49]. SEM images of Cu-HAp and
Ni-HAp, presented in Figure 10a,b, showed the rod-like form of
HAp following adsorption. This result indicates that neither the
size nor shape of the HAp particle was significantly altered during
the adsorption process. The EDS spectra revealed the presence of
copper and nickel in HAp during the adsorption process
(Figure 10c,d).

The mechanism of the adsorption process was as follows:

M>* (M: Cu, Ni) ions exchange reaction with the Ca** ions of HAp:

Cag(PO,)g(OH), + XM2* = Cay_ M, (PO, )4(OH), + xCa*

31.74

25.83

HAp

20 30 40 50 60
2 theta (degree)

70

FIGURE 9 | FT-IR spectra (a) and XRD patterns (b) of HAp before and after Cu®*, Ni** adsorption process.
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FIGURE 10 |

Furthermore, at low pH, part of HAp dissolves in aqueous solu-
tion containing M** ions, allowing the following reactions to
occur:

Cayy(PO,)s(OH), + 14H* — 10Ca?* + 6H,PO,~ + 2H,0

10Ca2+ + xM2+ + 6H2PO4_ + 2H20 -
Cajg_xM,(PO4)s(OH), + 14H*

3.3 | Desorption of Cu®*, Ni**, and Recovery of
Cu, Ni Metals

3.3.1 | Cyclic Voltammograms of Cu(NO;3),, Cu-HAp,
and Ni(NOs),, Ni-HAp Reline Electrolyte

The CV curves of M**/reline and M-HAp/reline are shown in
Figure 11. Figure 11a illustrates the reduction peak of Cu®* at
—0.6 V and the oxidation peak of Cu® at —0.4 V. Figure 11c dis-
plays the reduction peak of Ni** at —0.58 V and the oxidation
peak of Ni° at —0.43 V. It can be seen that the CVs of Ni**/reline
and Ni-HAp/reline are similar. However, there is a slight shift in
the copper oxidation-reduction peaks between Cu”*/reline and
Cu-HAp/reline. The electrochemical processes occurring during
CV scanning can be described in two stages as follows:

Stage 1: M** ions in M-HAp react with Cl1™ ions of reline to form a
MCl,>" complex and then be reduced to M metal on the Au elec-
trode’s surface: MCL,>™™ +2e~ — M+ nCl™
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SEM images of Cu-HAp (a), Ni-HAp (b) and EDS spectrums of Cu-HAp (c), and Ni-HAp (d).

Stage 2: Stripping M metal to M**: M — 2¢~ — M**

The CV results of Cu-HAp and Ni-HAp in reline liquid indicated
that M** can be desorbed out of M-Hap and subsequently
reduced to M metal on the cathode surface in reline solvent.
This process allows for the recovery and reuse of HAp material.
The electrolysis can be carried out at a potential <-0.4V to
obtain Cu metal and at a potential <—0.6 V for Ni metal. This
is supported by SEM images and EDS results of the Au electrode
surface before and after the electrolysis of M-HAp powder in the
reline solvent (Figures 12 and 13).

Before electrolysis, the Au electrode surface is smooth, primar-
ily composed of Au, with small amounts of Al and Si present
(Figure 12). After electrolysis, the surface of the Au electrode
undergoes a noticeable change (as shown in the SEM images
in Figure 13a,c) due to the precipitation of Cu and Ni. The
presence of Cu and Ni on the Au electrode surface is demon-
strated by the appearance of their peaks in the EDS spectra
(Figure 13b,d, respectively). The peaks corresponding to
the M metals are significantly lower than the peak for Au,
reflecting the minimal amount of M metal that has precipitated
on the Au electrode compared to the overall quantity of the
electrode.

The mechanism of the desorption process was as follows:

Step 1: Complexation reaction of M>* in M-HAp with CI ion in
the reline:
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M — HAp + 4Cl- - MCL,2~ + HAp

Step 2: The reduction of M** in the MCL,*~ complex to M metal,
which precipitates on the surface of the Au electrode:

MCl,2~ + 2e~—M + 4Cl~

3.3.2 | Effect of Electrolytic Parameters on Recovery
Efficiency of Copper and Nickel

3.3.21 | Influence of Applied Current Density. Experi-
ments used for investigating the influence of current density
on the deposition efficiency of metal M on the cathode were car-
ried out under the following conditions: electrolysis time of 5h,
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FIGURE 11 | CV curves of Cu**/reline (a), Cu-HAp/reline (b), Ni**/reline (c), and Ni-HAp/reline (d).
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SEM-EDS result of the surface of the Au electrode before electrolysis.

temperature of 60°C, M-HAp mass of 0.3 g, and current density
varying from 1 to 7.5 mA.cm ™2 The results are shown in Table 5.
The results show that, as the current density increases, the
reduction rate of M** (in MCL,*™) increases, leading to an
increase in the amount of M precipitated on the cathode; thus,
the electrolysis efficiency increases correspondingly. The highest
values of Cu and Ni recovery efficiency were achieved at a
current density of 7.5mA.cm™2 which were 70.13% and

73.69%, respectively.

3.3.2.2 | Influence of M-HAp Mass. The effect of M-HAp
mass on the recovery efficiencies of M was investigated under

the following experimental conditions: an electrolysis time of
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FIGURE 13 | SEM-EDS results of the surface of the Au electrode after electrolysis of Cu-HAp (a,b) and Ni-HAp (c,d).
TABLE 5 | The recovery efficiency of M (H %) from 0.3 g M-HAp at different applied current densities for 5h of electrolysis.
Jj» mA/cm? 1 2 3 5 7.5
H % Cu 46.68 = 0.57 55.96 £ 0.75 62.54 = 0.78 66.51 £ 0.83 70.13 £ 1.01
Ni 51.37 £ 0.67 62.94 + 0.80 69.48 £ 0.82 72.40 = 0.93 73.69 £ 1.03
5h, a temperature of 60°C, a current density of 7.5 mA.cm ™2, and TABLEG6 | The recovery efficiency of M with different M-HAp masses

varying M-HAp mass from 0.1 to 0.3 g. The results presented in
Table 6 indicate that as the mass of M-HAp increases, the recov-
ery efficiency of M decreases. This phenomenon can be explained
as follows: as the mass of M-HAp powder increases, the amount
of M** supplied also increases, resulting in a greater amount of M
precipitated. However, the increase in the amount of M precipi-
tate is less than the increase in M available in M-HAp, which
leads to a decrease in recovery efficiency. The recovery efficiency
for Cu and Ni reached their highest level of 86.60% and 88.53%,
respectively, when the mass of M-HAp used was 0.1 g.

3.3.2.3 | Influence of Electrolysis Time. To investigate the
effect of electrolysis time on the recovery efficiency of M metal,
experiments were conducted at a current density of 7.5 mA.cm™>
and a temperature of 60°C, using 0.1 g of M-HAp. The results,
presented in Table 7, indicated that the recovery efficiency M
increases with the longer electrolysis time. However, to achieve
a high recovery efficiency of M in a short duration, an electrolysis

at 7.5 mA.cm ™2 applied current density for 5h of electrolysis.

m, g 0.1 0.2 0.3
H% Cu 8660089 7853 +122 7013 126
Ni 8853 +1.12 79.60 +0.95 73.69 + 0.86

time of 10 h is suitable. Under these conditions, the recovery effi-
ciencies of Cu and Ni reached 94.63% and 94.80%, respectively.

3.4 | Regeneration of Material

After electrolysis, HAp powder is filtered, thoroughly washed
with double-distilled water and dried for use in the next step.
The regenerative ability of the HAp material is evaluated by
examining its physicochemical properties and ability to reabsorb
heavy metal ions.
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TABLE 7 | The recovery efficiency of M from 0.1 g M-HAp at different electrolysis times.

th 2 3 4

5 7 10

12

H % Cu 72.68 £ 0.23 77.79 £ 0.73 81.41 * 0.65
Ni 78.32 £ 1.20 82.51 £ 0.93 85.85 £ 0.98

86.60 £ 0.98 92.54 £ 0.81 94.63 £ 1.05 95.14 £ 0.92
88.53 £ 1.02 92.64 = 1.21 94.80 £ 0.97 95.30 £ 1.22
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FIGURE 14 | SEM images of original HAp (a) and regenerated HAp (b).
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FIGURE 15 | EDS spectra of original HAp (a) and regenerated HAp (b).

3.4.1 | The Physicochemical Properties of Regenerated
HAp

The HAp material after desorption exhibits a fibrous structure
similar to that of the original HAp material, as shown in the
SEM image in Figure 14. The EDS spectrum (Figure 15) identifies
the primary components of the regenerated HAp material, which
consist solely of Ca, O, and P elements as the HAp material
before adsorption. FT-IR spectra (Figure 16) reveal that the
HAp material remains unchanged following the adsorption—
desorption process.

3.4.2 | Adsorption Capacity and Efficiency of
Regenerated HAp

The adsorption procedure of the recycled HAp material for
Cu** and Ni** was carried out under the optimal conditions
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FIGURE 16 | FT-IR spectra of original HAp and regenerated HAp.
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TABLE 8 | The adsorption capacity and adsorption efficiency of regenerated HAp for heavy metal ions.
Initial M** M?*" concentration Adsorption Adsorption
Contact HAp concentration after capacity, efficiency,
M** time,min pH  mass, g C,, mg.L™! adsorption C,, mg.L™* mg.g! %
Cu** 60 5.35 0.05 50 10.754 39.25 78.49
Ni** 60 5.57 0.10 30 7.621 11.18 74.60

determined during the investigation of the adsorption process
using the original HAp material. The experimental conditions
and adsorption results are shown in Table 8.

The results presented in Table 8 show that the adsorption
efficiency and adsorption capacity of the recycled HAp material
for Cu** reached 78.49% and 39.25 mg.g™"', while for Ni**, the
values were 75.80% and 11.37 mg.g™", respectively. Although
these values are lower than those of the original HAp material
(with 99.06% and 49.5mgg™' for Cu** and 80.997% and
12.15mg.g~" for Ni**), they still demonstrate effective adsorp-
tion by the regenerated HAp material for both Cu** and Ni**.
These results indicate that the HAp material almost retains
its original properties after the adsorption-desorption process
and can potentially be reused in subsequent adsorption
applications.

4 | Conclusion

Synthesized HAp serves not only as an effective adsorbent
for removing Cu** and Ni** ions from aqueous solutions but
also facilitates the subsequent desorption and recovery of
copper and nickel metals from the loaded HAp. Optimal
conditions for Cu?* removal were found at pH 5.35,
50 mg.L_1 initial concentration, 0.05 g HAp in 50 mL solution,
and a contact time of 60 min, achieving a maximum adsorption
capacity of 49.53 mg.g™* and an efficiency of 99.06%. For Ni**,
optimal performance was observed at pH 5.57, 30 mg.L™" initial
concentration, 0.1 g/50 mL dosage, and 60 min contact time,
yielding a capacity of 12.15mg.g”"' and 80.99% efficiency.
Using an electrodeposition approach, copper and nickel were
simultaneously desorbed from the adsorbed HAp material in a
reline DES. Notably, the recovery of both metals was achieved
simultaneously as well. Under optimal conditions, the results
indicated that it is possible to recover 94.83% of copper and
94.80% of nickel. Experimental data demonstrated that the
adsorption process for Cu®* and Ni** ions using HAp powder
adhered to the pseudo-second-order kinetic model and
followed the Redlich-Peterson isotherm model. The HAp
adsorbent can be reused after the desorption process, making
it a potentially environmentally friendly and cost-effective
solution for the removal of heavy metals from aqueous
solutions.
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