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ABSTRACT: Copper is a common heavy metal contamination source for water bodies, and achieving 
sustainable and cost-effective removal of Cu2+ from Cu-containing wastewater remains a challenge. In this 
study, an economical and eco-friendly adsorbent—hydroxyapatite (HA) porous microspheres—was 
synthesized via a simple one-step hydrothermal method. Adsorption experiments demonstrated that the 
maximum adsorption capacity of HA porous microspheres for Cu2+ is 116 mg/g, approximately 3.74 times 
that of reported HA nanosheet adsorbents. The adsorption process follows the pseudo-second-order kinetic 
model and the Sips isotherm model. The correlation coefficient R2 = 0.9997. Linear fitting of the amounts of 
Cu2+ removed and Ca2+ leached at the same time revealed an R2 value as high as 0.997, indicating that ion 
exchange is the dominant adsorption mechanism. Therefore, the excellent adsorption performance is attributed 
to the high specific surface area (207 m2/g) and mesoporous structure of the spherical HA adsorbent, which 
provides abundant active sites and promotes efficient ion diffusion. These structural advantages significantly 
enhanced the two primary adsorption mechanisms: ion exchange and surface complexation. Furthermore, the 
effects of adsorbent dosage, solution pH, reaction time, initial Cu2+ concentration, and temperature on adsorption 
performance were systematically investigated. Finally, the adsorption mechanism was investigated by 
characterizing the adsorbed material using XRD, FTIR, and XPS. It was determined that ion exchange, 
complexation, and electrostatic attraction are the main adsorption mechanisms. This study enhances the 
adsorption capacity of HA materials for Cu2+ by controlling morphology, offering new perspectives for 
developing high-performance, economical, eco-friendly, and sustainable adsorbents. 
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1. Introduction 

Copper (Cu) is extensively utilized in industrial production, including mining, smelting, electroplating, 
and circuit board printing [1–4]. With the acceleration of industrialization, the discharge of wastewater 
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containing Cu2+ ions has increased significantly [5]. Such industrial wastewater is highly toxic, non-
degradable, and subject to bioaccumulation [6–9]. The direct release of Cu-containing wastewater not only 
seriously threatens ecological security and human health, but also causes huge resource loss [10]. 
Correspondingly, researchers have developed adsorption, precipitation, reverse osmosis, and membrane 
filtration methods to remove Cu2+ ions from wastewater [11]. 

Among them, adsorption is a predominant technique due to its high efficiency, low cost, and 
operational simplicity. So far, various adsorbents, such as metal-organic frameworks (MOFs) [12], 
activated carbon [13], and graphene [14], have been extensively investigated and applied. Rodríguez et al. 
[15] investigated the adsorption effect of Co-derived metal-organic framework (Co-MOF) on different 
heavy metals. The results showed that Co-MOF had an adsorption capacity of 75.47 mg/g for copper. 
Amara et al. [16] prepared composite beads of chitosan and amidoxime grafted graphene oxide, achieving 
an adsorption efficiency of 12.96 mg/g within a 160 min adsorption time. However, their biosafety risks 
and high cost have hindered practical applications. Therefore, it is urgent to develop an economical, 
resource-saving, and eco-friendly adsorbent to treat Cu-contaminant wastewater efficiently. 

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a naturally occurring calcium phosphate mineral. Owing to 
its high surface reactivity, substantial ion-exchange capacity, and biocompatibility, HA has been regarded 
as an attractive candidate for the adsorption of Cu2+ ions [17–19]. However, HA materials prepared by 
traditional methods typically exhibit bulk or powder morphology, and insufficient active sites and particle 
agglomeration limit their adsorption capacity [20]. In recent years, rod-shaped, nanosheet-like, and tubelike 
structures of HA have been developed to enhance its adsorption performance by increasing surface 
functional groups (such as Ca2+, PO4

3−, OH−) for ion exchange, surface complexation, and dissolution-
precipitation reactions with heavy metal ions [19,21]. Despite numerous efforts, the adsorption performance 
is limited. For example, the adsorption capacity of HA nanosheets prepared by microwave-assisted 
hydrothermal method for Cu2+ was only 31.6 mg/g [22]. The effect was far less than that observed in the 
study by Rodríguez et al. [15]. Consequently, developing porous HA materials with higher specific surface 
areas, denser adsorption sites, and superior adsorption properties has become a key focus of current research. 

In this study, HA porous microspheres with a high specific surface area were prepared using a simple one-
step hydrothermal method to explore its adsorption capacity for Cu2+ ions. The factors, including adsorbent 
dosage, solution pH, reaction time, Cu2+ concentration, and temperature, were investigated to evaluate the 
practical application feasibility of the HA porous microspheres. Moreover, the adsorption mechanisms of Cu2+ 
onto the HA porous microspheres were thoroughly studied. This study provides a method for preparing pure 
spherical hydroxyapatite, which is expected to reduce medical side effects [23]. The excellent adsorption effect 
of this spherical hydroxyapatite on copper was then evaluated in depth, and its mechanism was elucidated 
through characterization, providing a theoretical basis for copper-loaded hydroxyapatite. 

 

Schematic Diagram. 
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2. Materials and Methods 

2.1. Chemicals and Materials 

All the chemical reagents used in the experiment were analytical grade and were used without further 
purification. Calcium chloride dihydrate (CaCl2ꞏ2H2O, ≥99.0%), Sodium hydroxide (NaOH, ≥96.0%), 
Nitric acid (HNO3), Magnesium Chloride Hexahydrate (MgCl2ꞏ6H2O, ≥98.0%), hydrochloric acid (HCl), 
and ethanol (C2H5OH) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Diammonium hydrogen phosphate ((NH4)2HPO4, ≥99.0%), Sodium Chloride (NaCl, ≥99.9%) and 
Potassium Chloride (KCl, ≥99.9%) was purchased from GENERAL-REAGENT (Ringoes, NJ, USA). 
Citric acid monohydrate (C6H8O7ꞏH2O, ≥99.5%), copper nitrate trihydrate (Cu(NO3)2ꞏ3H2O, ≥99.0%), and 
urea (H2NCONH2, ≥99.0%) were purchased from ChengDu Chron Chemicals Co., Ltd. (Chengdu, China) 
Deionized water was obtained using an ultrapure water system (Ulupure). 

2.2. Synthesis of Hydroxyapatite Porous Microspheres 

Hydroxyapatite porous microspheres with a large specific surface area were prepared by a simple 
hydrothermal method. First, 1.176 g CaCl2ꞏ2H2O was dissolved in 160 mL of deionized water, and 0.634 
g (NH4)2HPO4 was added to the solution, resulting in the formation of a white precipitate. The pH of the 
mixture was adjusted to 2.5 using 1 M HCl. Subsequently, 0.004 mol of C6H8O7ꞏH2O and 2.4 g of 
H2NCONH2 were successively added to the suspension. After stirring for 30 min, the suspension was 
transferred into a 100 mL Teflon-lined stainless-steel autoclave. The hydrothermal reaction was performed 
at 120 °C for 3 h. Finally, the resulting precipitate was collected, washed, and dried overnight to obtain the 
HA porous microspheres. 

2.3. Characterizations 

The morphology and elemental composition of the prepared samples were investigated and analyzed 
by a scanning electron microscope (SEM) (TESCAN MIRA LMS, Brno, Czech Republic) equipped with 
energy-dispersive X-ray spectroscopy (EDS). The phase identification and crystal structure were 
determined using X-ray diffraction (XRD) on a Rigaku-2038 diffractometer (Rigaku, Tokyo, Japan) at 
25 °C with Cu-Kα radiation from 10 to 80 degrees at a scan rate of 5 degrees/min. FTIR spectra were 
collected on a Thermo Scientific Nicolet iS20 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA). X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific ESCALAB 250 Xi 
instrument (Thermo Fisher Scientific, Waltham, MA, USA) to analyze the chemical states of the elements. 
The surface charge of the sample was measured with a zeta potential analyzer (Malvern Zetasizer Nano 
ZS90, Worcestershire, UK). The specific surface area was determined using the Brunauer-Emmett-Teller 
(BET) method on an ASAP 2460 instrument (Micromeritics, Norcross, GA, USA). The concentration of 
Cu2+ ions in the solution was quantified by atomic absorption spectrometry (Thermo ICE3300 FL AAS, 
Thermo Fisher Scientific, Waltham, MA, USA). 

2.4. Adsorption Experiments 

Typically, 0.04 g of HA was added to 50 mL of a Cu2+ ions solution (100 mg/L). The mixture was then 
shaken in a shaker at 25 °C and 180 rpm for 300 min. The effects of dosage (0.2–1.2 g/L) and solution pH 
(3–5) on adsorption performance were investigated to establish optimal adsorption conditions. For the 
kinetic studies, the initial Cu2+ concentration was set at 100 mg/L. Solution samples were withdrawn at 
predetermined time intervals, filtered through a 0.45 µm membrane filter, and then analyzed for the 
concentrations of Cu2+ and Ca2+. The adsorption isotherms were obtained by conducting experiments with 
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different initial Cu2+ concentrations at an adsorption time of 300 min. Furthermore, thermodynamic 
parameters were studied at 308 K, 318 K, and 328 K, respectively. 

2.5. Analysis Methods 

The adsorption capacity (𝑞௘ ) and removal (R, %) were calculated using the following equations 
(Equations (1) and (2)): 

qe = 
(C0 - Ce) × V

m
 (1)

Remove (%) = 
C0 - Ce

C0
 × 100% (2)

where C0 and Ce (mg/L) represent the initial and equilibrium ion concentrations, respectively. V (L) is 
the volume of the solution, and m (g) is the mass of the adsorbent. The kinetic data were fitted using pseudo-
first-order and pseudo-second-order models (Equations (3) and (4)). 

ln൫qe - qt൯  = lnqe - k1t (3)

t

qt

 = 
1

k2qe
2  + 

t

qe

 (4)

where qe and qt are the adsorption capacity (mg/g) at equilibrium and time t, respectively. k1 (1/min) and 

kଶ  (g/(mgꞏmin)) are the rate constants of the pseudo-first-order and pseudo-second-order models, 
respectively. The adsorption data were fitted to the Langmuir, Freundlich, and Sips isotherm models 
(Equations (5)–(7)) [24]. 

qe = 
qmax KL Ce

1 + KLCe
 (5)

qe = KF Ce

1
n (6)

qe = 
qmax ሺKsCeሻ

1
m

1 + ሺKsCeሻ
1
m

 (7)

where qmax represents the theoretical maximum adsorption capacity, KL, KF, and KS denote the equilibrium 
constants for the Langmuir, Freundlich, and Sips models, respectively. n and m are the exponents in the 
Freundlich and Sips models, respectively. The spontaneity and thermodynamic behavior of Cu2+ adsorption on 
HA were evaluated by calculating Gibbs free energy change (ΔGº, kJ/mol), entropy change (ΔSº, J/(molꞏK)), 
and enthalpy change (ΔHº, kJ/mol). The calculation equations were as follows (Equations (8)–(10)): 

lnKc = 
-ΔHº

RT
 + 

ΔSº

R
 (8)

ΔGº = -RTlnKc (9)

Kc = 
qe

Ce
 (10)

where R (8.314 J/(Kꞏmol)) is the gas constant, Kc is the thermodynamic equilibrium constant, and T (K) is 
the absolute temperature. 
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3. Results and Discussion 

3.1. Characterizations of Spherical HA Absorbent 

Figure 1a,b shows the SEM images of the citric acid-assisted synthesized HA adsorbent. Different from 
the whisker-like HA reported in the literature, the product obtained with citric acid addition exhibited an 
interconnected porous microsphere structure [25]. This morphology is primarily attributed to the role of 
citric acid as a chelating agent, which can regulate the directional release of Ca2+ ions and induce the self-
assembly of HA along the CO2 bubble interface during the hydrothermal process [25]. These HA porous 
microspheres had a diameter ranging from approximately 1.9 μm to 5 μm, with a rough surface uniformly 
distributed with numerous pores. The chemical composition of the porous HA microspheres was 
determined by EDS, and the results are presented in Figure 1c. It can be seen that the sample was mainly 
composed of O, P, and Ca elements, along with a small amount of C element. 

 

Figure 1. (a,b) SEM images, (c) EDS spectrum, and (d) XRD pattern of HA porous microspheres. 

The crystalline phase of the sample was further examined using XRD. As shown in Figure 1d, the 
diffraction peaks of the HA porous microspheres at 21.93°, 26.03°, 31.95°, 32.27°, 33.09° and 49.62° can 
be assigned to the (200), (002), (211), (112), (300) and (213) planes of hexagonal HA (JCPDS 86-0740) 
[26]. In contrast to highly crystalline HA, the distinct diffraction peaks for the (211), (112), and (300) planes 
merged into a broad peak. The broadened diffraction peak indicates that the prepared HA porous 
microspheres exhibited low crystallinity. Previous studies have shown that low crystallinity can increase 
the specific surface area and active sites of HA, thereby significantly enhancing its adsorption capacity for 
heavy metal ions [27]. 
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The functional groups on the HA porous microspheres were further characterized by FTIR. As 
exhibited in Figure 2, besides the band for incorporated water molecules (1601 cm−1), the broad band at 
3430 corresponds to the stretching vibration of –OH groups in HA. The peaks presenting at 1034, 961, 603, 
and 564 cm−1 are ascribed to the bending vibrations of O–P–O bonds. Notably, characteristic peaks of 
CO3

2− vibration (at 1414 and 876 cm−1) were detected in the synthesized HA porous microspheres, which 
is consistent with the EDS results. This indicates that CO3

2− ions, produced from the decomposition of urea 
or citric acid under hydrothermal conditions, are incorporated into the HA lattice and partially replace 
phosphate ions [25,28]. 

 

Figure 2. FTIR spectrum of the prepared HA porous microspheres. 

Furthermore, the specific surface area of the prepared HA microspheres was investigated by nitrogen 
adsorption-desorption (Figure 3). The N2 adsorption-desorption curve of the prepared HA exhibits a type-
IV isotherm, which is characteristic of mesoporous materials. The pore size distribution was broad, ranging 
from 2 to 30 nm. The presence of larger pores could be due to the aggregation of HA microspheres, which 
creates additional free space and forms interparticle pores. The specific surface area of the HA microspheres 
was determined to be 207 m2/g, which is considerably higher than that of other HA materials reported in 
the literature, such as 118 m2/g and 30.8 m2/g [29,30]. The combination of large pore volume and high 
specific surface area provides ample space for contact and reaction, which is conducive to enhancing the 
adsorption performance of HA porous microspheres toward Cu2+. 
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Figure 3. N2 adsorption-desorption isotherm with pore size distribution of HA porous microspheres. 

3.2. Adsorption Properties of HA Microsphere for Cu2+ 

3.2.1. Effect of Dosage on Cu2+ Removal 

The dosage of adsorbent is an important parameter that determines the solid-to-liquid ratio for efficient 
material utilization. The effect of dosage on the adsorption capacity of the HA porous microspheres was 
investigated, as shown in Figure 4. Clearly, as the HA porous microspheres dosage increased from 0.2 to 
1.2 g/L, the adsorption capacity gradually decreased from 401 to 82 mg/g, while the corresponding removal 
efficiency increased from 80.20% to 97.88%. This is because increasing the adsorbent dosage results in 
Cu2+ ions being distributed across more porous microspheres, thereby reducing the adsorption capacity of 
the unit adsorbent [31]. However, increasing the dosage of HA porous microspheres provides more 
adsorption sites, thereby enabling more efficient adsorption of Cu2+ ions. Notably, the most significant 
improvement in adsorption efficiency occurred at a dosage of 0.8 g/L. Therefore, 0.8 g/L was selected as 
the optimal adsorbent dosage for the subsequent experiments. 

 

Figure 4. The effect of the dosage of the porous microspheres on the removal of Cu2+ ions ([Cu2+]0 = 100 mg/L, pH = 5.5, T = 298 K). 
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3.2.2. Effect of pH on Cu2+ Removal 

Solution pH is considered to be a primary factor influencing the adsorption performance of the surface 
properties of the adsorbent [32]. The effect of initial pH (3–5) on Cu2+ removal was investigated, avoiding 
pH > 6 to prevent Cu2+ precipitation. The zeta potential of the HA porous microspheres was measured to 
be +3.48 (Figure 5a). As shown in Figure 5b, the adsorption capacity of the HA porous microspheres for 
Cu2+ increased from 91 mg/g to 115 mg/g as the pH rose from 3 to 5, with the corresponding removal 
efficiency increasing from 73% to 92%. The low adsorption capacity at pH 3 is primarily attributed to 
electrostatic repulsion between the Cu2+ cations and the positively charged adsorbent surface. The gradual 
enhancement of adsorption from pH 4.0 to 5.0 indicates that electrostatic attraction promotes the adsorption 
of Cu2+. However, a considerable adsorption capacity of 91 mg/g was still observed even under unfavorable 
electrostatic repulsion at pH 3. This suggests that although electrostatic interactions exist, they are not the 
predominant mechanism, and their overall contribution to the overall adsorption process is limited. 

 

Figure 5. (a) The zeta potential curve of HA porous microspheres and (b) the effect of initial pH on the adsorption of Cu2+ 
adsorption by HA porous microspheres. ([Cu2+]0 = 100 mg/L, [HA dosage] = 0.8 g/L, T = 298 K). 

3.2.3. Adsorption Isotherm 

Adsorption isotherms describe the relationship between the adsorbate’s adsorption capacity and its 
equilibrium concentration. The experimental data were fitted using the Langmuir, Freundlich, and Sips 
isotherm models. The Langmuir model describes monolayer adsorption onto a homogeneous surface, 
whereas the Freundlich model assumes multi-layer adsorption on heterogeneous surfaces [33,34]. The Sips 
isotherm model integrates the single-layer saturated adsorption concept of the Langmuir model with the 
heterogeneous description capability of the Freundlich model, making it suitable for describing single-layer 
adsorption behavior occurring on heterogeneous adsorbent surfaces [35]. The adsorption isotherm of Cu2+ 
on the HA porous microspheres is presented in Figure 6, and the corresponding calculated adsorption 
constants are listed in Table 1. As depicted in Figure 6a, the adsorption capacity exhibits a positive 
correlation with copper concentration before reaching equilibrium at C0 = 300 mg/L (140.9 mg/g). This 
behavior confirms that the HA microspheres provide numerous surface adsorption sites, which eventually 
become saturated due to the finite availability of active sites [36,37]. As shown in Table 1, the Sips model 
exhibited the highest correlation coefficient (R2 = 0.9957) among the three models. Furthermore, the n 
parameter of the Sips model was less than 1, revealing that the adsorption occurred on a heterogeneous 
surface with a broad distribution of adsorption site energies [38]. The maximum adsorption capacity 
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calculated from the Sips isotherm model was as high as 151.1 mg/g, which is attributed to the large pore 
volume and high specific surface area of the HA porous microspheres. 

 

Figure 6. (a) Effect of initial concentration on adsorption capacity ([HA dosage] = 0.8 g/L, initial pH =5.5, T = 298 K), (b) 
isotherm curves for the adsorption of Cu2+ onto HA porous microspheres. 

Table 1. Langmuir, Freundlich, and Sips isotherm parameters for the removal of Cu2+ removal by HA porous microspheres. 

Isotherm Parameters Value 

Langmuir 
qm (mg/g) 138.25 
KL (L/mg) 1.15 

R2 0.9043 

Freundlich 
KF (mg/g(L/mg)1/n) 65.80 

1/n 0.1525 
R2 0.9145 

Sips 

KS 0.7555 
qm (mg/g) 151.13 

n 0.5189 
R2 0.9957 

3.2.4. Adsorption Kinetics 

To understand the adsorption kinetics of Cu2+ on the HA porous microspheres, the effect of reaction 
time on the removal process was investigated. As shown in Figure 7a, the adsorption capacity for Cu2+ 
increased rapidly in the initial stage and then rose gradually until reaching equilibrium at approximately 
300 min. The initial rapid removal is attributed to the abundant availability of the surface sites and pores 
on the HA microspheres. The subsequent gradual increase is attributed to progressive saturation of active 
sites and to potential pore blocking over time. The equilibrium adsorption capacity of the HA porous 
microspheres for Cu2+ was 116 mg/g, indicating that it is an effective adsorption material for Cu2+ removal. 
The kinetic data were fitted with pseudo-first-order and pseudo-second-order models to elucidate the 
adsorption mechanism. The kinetic model parameters and fitting curves are exhibited in Figure 7b,c. The 
results showed that the correlation coefficient (R2) of the pseudo-second-order kinetic model was 0.9997, 
which was significantly higher than that of the pseudo-first-order kinetic model (R2 = 0.9480). Furthermore, 
the calculated equilibrium adsorption capacity (qe,cal, 117.37 mg/g) calculated by the pseudo-second-order 
model was in close agreement with the experimental value (qe,exp, 116 mg/g). These findings indicate that the 
adsorption of Cu2+ onto the HA porous microspheres is predominantly governed by chemical adsorption [39]. 
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Figure 7. (a) Kinetic plot of Cu2+ removal by HA porous microspheres and the fitting curve based on (b) Pseudo-first order and 
(c) Pseudo-second-order models. ([Cu2+]0 = 100 mg/L, [HA dosage] = 0.8 g/L, pH = 5.5, T = 298 K). (d) Relationship between 
the removed Cu2+ and released Ca2+ concentration. 

It has been reported that ion exchange is one of the primary mechanisms for the adsorption of heavy 
metals by HA [31]. To verify the role of ion exchange in the adsorption of Cu2+ by the prepared HA porous 
microspheres, the concentration of Ca2+ released into the solution was monitored during the adsorption 
process (inset of Figure 7d). Since the dissolution concentration of Ca2+ stabilized after 50 min, data from 
the first 50 min of the reaction were selected for detailed analysis. As shown in Figure 7d, the concentration 
of released Ca2+ was plotted against the amount of adsorbed Cu2+, which yielded a linear correlation (R2 = 
0.997). This result confirms that ion exchange is a critical pathway governing the effective removal of Cu2+ 
by HA, which is also consistent with the kinetic fitting results [31]. Furthermore, to evaluate the adsorption 
performance of HA porous microspheres, their adsorption capacity was compared with that of recently 
reported HA-based adsorbents (Table 2). The equilibrium adsorption capacity of the HA porous 
microspheres for Cu2+ significantly exceeded the values reported in the literature (typically ranging from 
25 to 99 mg/g), highlighting its exceptional Cu2+ adsorption performance and practical application potential. 

Table 2. The comparison of Cu2+ adsorption between the prepared HA porous microspheres and the reported HA-based adsorbents. 

Material Adsorption Time Adsorption Capacity (qe, mg/g) References 
Hydroxyapatite/biochar nanocomposites 8 h 49.81 [31] 

HA nanosheets 3 h 31.6 [22] 
Pig-bone-based biochars 24 h 71.60 [40] 

Hot ethanol treatment of HA 24 h 58.51 [41] 
Biogenic hydroxyapatite 12 h 79.44 [42] 
CaCO3/chitin hydrogel 12 h 36.42 [43] 

Magnetic composite microspheres 1.67 h 58.26 [44] 
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Cellulose microfibrils-grafted-hydroxyapatite 1 h 39.24 [45] 
HA-coated calcite micro-particles 24 h 44.05 [46] 

Biochar modified by hydroxyapatite 24 h 88.66 [47] 
Zein (a kind of gliadin extracted)/PVA (polyvinyl 

alcohol)/HA 
12 h 25.73 [48] 

Spherical hydroxyapatite 5 h 116.07 This work 

3.2.5. Adsorption Thermodynamics 

The thermodynamic parameters for the adsorption of Cu2+ onto the HA porous microspheres are plotted 
in Figure 8 and summarized in Table 3. The positive value of ΔHº indicates that the adsorption process 
was endothermic. The positive value of ΔSº suggests an increase in randomness at the solid-solution 
interface, implying that the adsorption process is entropy-driven [49]. This entropy increase can be 
attributed to two primary factors: (i) the release of Ca2+ ions from the HA porous microspheres into the 
solution during ion exchange with Cu2+, and (ii) the release of water molecules from the hydration shell of 
Cu2+ ions upon their fixation onto the solid surface [40]. Furthermore, the negative values of ΔGº confirm 
that the adsorption of Cu2+ is spontaneous. The fact that ΔGº became more negative with increasing 
temperature indicates that the spontaneity and extent of adsorption are enhanced at higher temperatures [50]. 

 

Figure 8. Effects of different temperatures on (a) the adsorption of Cu2+; (b) Van’t Hoff plot for the adsorption of Cu2+ on HA 
porous microspheres. 

Table 3. Thermodynamic adsorption parameters for HA porous microspheres. 

Temperature (K) ΔHº (kJ/mol) ΔSº (J/(molꞏK)) ΔGº (kJ/mol) 
308 

30.73 126.31 
−8.21 

318 −9.37 
328 −10.74 

3.2.6. Effect of Coexisting Cations 

Wastewater often contains various cations that compete with copper ions for adsorption sites; therefore, 
it is crucial to investigate the influence of these cations on the adsorption selectivity of copper ions. By 
introducing 10 mg/L of anions into a pre-prepared Cu2+ solution, the effects of common aquatic cations—
specifically K+, Na+, Mg2+, and Ca2+—on copper ion adsorption were examined. As illustrated in Figure 9, 
the presence of K+, Na+, Mg2+, and Ca2+ did not significantly impact the adsorption of copper ions; this is 
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likely because copper exhibits a higher priority during the competitive adsorption process [45]. 
Consequently, it can be concluded that the synthesized HA demonstrates selectivity toward copper in water 
bodies and is capable of effectively remediating copper contamination in water. 

 

Figure 9. The Effect of Coexisting Cations on Cu2+ Adsorption. 

3.3. Adsorption Mechanism 

To elucidate the adsorption mechanism of Cu2+ on the HA porous microspheres, the adsorbent after 
Cu2+ adsorption (denoted as HA-Cu) was characterized by XRD, FTIR, and XPS. As shown in Figure 10a, 
no new diffraction peaks appeared in the XRD pattern of HA-Cu; however, the maximum diffraction peak 
shifted to a higher angle. This phenomenon is likely attributed to ion exchange, during which Cu2+ 
substitutes for Ca2+ in the HA crystal lattice. The smaller ionic radius of Cu2+ (~0.72 Å) compared to that 
of Ca2+ (~0.99 Å) induces a lattice contraction in the HA structure. The ion exchange reaction is represented 
by Equation (11). Furthermore, the significant amount of Ca2+ released into the solution observed during 
the kinetic studies provides experimental evidence for the ion exchange mechanism. 

Ca10ሺPO4ሻ6ሺOHሻ2 + xCu2+→ Caሺ10-xሻCuxሺPO4ሻ6ሺOHሻ2 + xCa2+ (11)

To further investigate the changes in surface functional groups, the FTIR spectrum of HA-Cu was 
analyzed, and the result is presented in Figure 10b. The intensity of the absorption peaks corresponding to 
the –OH groups at 3430 cm−1 and the PO4

3− groups at 1034, 961, 603, and 564 cm−1 were slightly reduced 
after adsorption. The decrease in peak intensity suggests the occurrence of a surface complexation reaction 
between Cu2+ and the –OH/PO4

3− groups on the HA microspheres [40,51], a mechanism that will be further 
discussed in the following section. Furthermore, the morphology and surface elemental distribution of the 
used adsorbent were examined by SEM and EDS mapping (Figure 10c–g). While no significant 
morphological change was observed, the presence of Cu element was detected on the surface, confirming 
the successful adsorption of Cu2+ onto the HA porous microspheres. 
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Figure 10. (a) XRD pattern, (b) FTIR spectra, (c) SEM images, and (d–g) corresponding element mapping images of HA porous 
microspheres after adsorption of Cu2+ ions. 

XPS was employed to analyze the surface chemical composition of the HA porous microspheres before 
and after Cu2+ adsorption, and the results are presented in Figure 11. The survey spectrum (Figure 11a) 
revealed the appearance of new peaks corresponding to Cu, confirming the successful adsorption of Cu2+ 
onto the HA porous microspheres [52]. Concurrently, a significant decrease in the intensity of the Ca peaks 
was observed, indicating a reduction in surface Ca content. This observation is attributed to the ion 
exchange between Ca2+ in HA and Cu2+ in solution. The high-resolution O 1s spectrum (Figure 11b) was 
deconvoluted into three component peaks at binding energies of 530.86 eV, 532.45 eV, and 533.65 eV, 
which are assigned to M–OH (M = metal), C=O/P=O, and C–O/P–O bonds, respectively [28]. After Cu2+ 
adsorption, the M–OH peak shifted by 0.34 eV to a lower binding energy, and its relative peak area 
decreased from 86.54% to 84.68%. This consumption and shift of the M–OH peak may be attributed to the 
complexation between deprotonated hydroxyl groups and Cu2+ (Equations (12) and (13)) [40,53]. 
Furthermore, the peaks for C=O/P=O and C–O/P–O also shifted to lower binding energies (by 0.58 eV and 
0.59 eV, respectively), while their relative peak areas increased from 10.73% to 11.79% and from 2.73% 
to 3.53%. These changes collectively indicate that oxygen-containing functional groups, including 
C=O/P=O, play a crucial role in the adsorption process. 

≡Ca-OH2
+↔≡Ca-OH0 + H+ (12)
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≡P-Oି + H+↔≡P-OH (13)

 
(14)

Figure 11c shows the P 2p spectra of the HA porous microspheres before and after Cu2+ adsorption. 
Similar to the O 1s spectrum, the P 2p spectrum of HA-Cu shifted to a lower binding energy. This change 
is not attributable to the formation of calcium phosphate precipitates, as XRD analysis revealed no 
formation of new phases, and the post-adsorption SEM images showed no significant changes in 
morphology; therefore, the adsorption process is not based on a dissolution-precipitation mechanism [54]. 
These observed shifts in both the O 1s and P 2p spectra can be attributed to a deprotonation process on the 
HA surface, as described by Equations (12) and (13) [55,56]. Specifically, the surface ≡Ca-OH2

+  and 
≡P-OH groups undergo deprotonation at pH = 5.5. The resulting deprotonated groups then form complexes 
with Cu2+, thereby enhancing the adsorption capacity of the HA microspheres [57]. Furthermore, the high-
resolution Cu 2p spectrum was analyzed to confirm the chemical state of the adsorbed Cu (Figure 11d). 
The spectrum could be resolved into Cu 2p1/2 and Cu 2p3/2, confirming the successful adsorption of Cu2+ 
ions onto the HA surface [53]. Deconvolution of these peaks revealed the coexistence of both Cu2+ and Cu+ 
species. The presence of Cu2+ species is attributed to ion exchange with Ca2+, while the Cu+ species arises 
from a surface complexation mechanism accompanied by electron transfer (Equation (14)) [58]. 

 

Figure 11. The XPS spectra of (a) survey scan, (b) O 1s, (c) P 2p, and (d) Cu 2p of HA porous microspheres before and after 
adsorption of Cu2+ ions. 
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In summary, the adsorption of Cu2+ ions by HA porous microspheres involves a complex process 
driven by multiple synergistic mechanisms (Figure 12). Specifically, ion exchange and surface 
complexation serve as the main pathways, while electrostatic interaction plays a minor role in the adsorption 
process. The high specific surface area and mesoporous structure of HA porous microspheres provide 
abundant active sites and promote efficient ion diffusion, significantly enhancing ion exchange and surface 
complexation. Consequently, these effects enhance the adsorption performance of HA porous microspheres 
for Cu2+ ions. 

 

Figure 12. Schematic diagram illustrating the mechanism of Cu2+ adsorption by porous HA microspheres. 

4. Conclusions 

In conclusion, hydroxyapatite (HA) porous microspheres were successfully synthesized via a facile 
hydrothermal method. The prepared microspheres possessed a high specific surface area of 207 m2/g and 
exhibited excellent adsorption performance for Cu2+. The adsorption process followed the pseudo-second-
order kinetic model and the Sips isotherm model. The fitting results indicated that the adsorption of Cu2+ 
was primarily a chemical adsorption process, with a maximum adsorption capacity of 116 mg/g. Combined 
experimental and characterization analyses revealed that ion exchange and surface complexation are the 
main mechanisms, while electrostatic interaction plays a minor role. The high specific surface area of the 
HA porous microspheres significantly increased the contact area with Cu2+, thereby promoting ion exchange 
and surface complexation and leading to the enhanced adsorption capacity. This work provides a novel and 
efficient strategy for removing Cu2+ ions from wastewater using eco-friendly HA porous microspheres. 
Nevertheless, the susceptibility of this hydroxyapatite to dissolution in acidic environments limits its 
reusability. To better address the demands of actual wastewater treatment, future work will build upon this 
synthesis method by incorporating other materials to form composites with improved acid resistance. 
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