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Abstract
Hydroxyapatite (HAP) is a promising adsorbent for immobilizing heavy metals in soil and water. However, the preparation 
and modification of HAP from pure chemicals increases its cost and limits its large-scale practical application. In this study, 
a hydroxyapatite-based adsorbent  (HAPPT) was prepared from phosphate tailing produced in the phosphorus industry to 
sequester Pb, Cd and Zn from solution. The results showed that  HAPPT was composed of HAP and MgO, with a surface 
area of 27.74  m2/g. The kinetics studies showed that most Pb and Cd were removed from the initial solution in 4 h and the 
adsorption of Zn increased with increasing contact time. Metals presented higher adsorption capacities at 35 °C than that 
at 25 °C. The adsorption isotherms showed that  HAPPT presented high adsorption capacities for Pb, Cd and Zn in mono-
metal solutions. The adsorption capacity of Cd at pH 6 was higher than that at pH 3, but the adsorption for Pb and Zn was 
similar at both pHs.  HAPPT has selectivity for Pb in Pb–Cd-Zn multi-metals solution, and competitive adsorption reduced 
the adsorption quantity by 53%, 93% and 79% for Pb, Cd and Zn, respectively. The combined results of TEM-EDS, XRD 
and XPS showed that Pb was immobilized by forming phosphates due to the dissolution of HAP, whereas Cd and Zn were 
immobilized by forming hydroxide precipitates resulting from the function of MgO in  HAPPT. The results of this study 
provided an efficient adsorbent for the removal of heavy metals in solution and provided a new perspective on the recycling 
of phosphate tailings in the phosphorus industry.
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Introduction

Mining activities of nonferrous metals result in serious con-
tamination of heavy metals (HMs) in the surrounding soils 
and water (Vareda et al. 2019; Kan et al. 2021). In the past 
decade, an increasing number of mines, particularly small-
scale mines, have been closed to support environmental pro-
tection (Cidu et al. 2012). These actions left large amounts 
of abandoned mine sites that need to be remediated. Among 
these, Pb‒Zn mine sites present significant accumulation of 
Pb, Zn and Cd in soils, and mine drainage is widespread and 
threatens the safety of eco-environmental systems and com-
munities (e.g., Marzouk et al. 2013; Liu et al. 2018a; Ayari 
et al. 2023). Therefore, it is imperative to take appropriate 
techniques to contain the diffusion of HMs from abandoned 
mine sites.

Adsorption is one of the most effective and economical 
strategies to sequester metals in contaminated soils and 
water (Bolan et al. 2014; Tian et al. 2019; Li et al. 2022b). 
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Numerous studies have tried to develop adsorbents with 
both high efficiency and low cost for the removal of met-
als from solution (Lee et al. 2013; Fang et al. 2017; Tian 
et al. 2019; Azhar et al. 2022). Recently, hydroxyapatite 
 (Ca10(PO4)6(OH)2, HAP) has become a promising mate-
rial for the immobilization of heavy metals in water and 
soil because of its high reactivity, low solubility and 
redox stability (Ibrahim et al. 2020; Nayak and Bhushan 
2021; Amenaghawon et al. 2022). To improve the adsorp-
tion performance, different pure hydroxyapatite and 
hydroxyapatite composites were prepared by precipitation/
hydrothermal methods in previous studies (Ivanets et al. 
2019; Ashrit et al. 2020; Sawada et al. 2021; Yang et al. 
2022). For instance, Li et al. (2017) prepared HAP with 
different surface areas and evaluated their efficiency in 
the removal of Pb and Cd. Yang et al. (2022) synthesized 
Fe-doped HAP to improve its ability to immobilize Pb, Cd 
and As simultaneously. These works improved the adsorp-
tion efficiency of HAP, but the high cost of pure chemi-
cals such as  H3PO4 and Ca(NO3)2 hindered the large-scale 
application of HAP.

Comparatively, preparing hydroxyapatite-based adsor-
bents from cost-friendly raw materials such as solid waste 
is of increasing concern. For example, researchers prepared 
hydroxyapatite from flue gas desulphurization gypsum that 
from coal-fired power plants, and demonstrated that it can 
effectively immobilize Pb, Cd and Cu in solution and soil 
(Yan et al. 2014; Liu et al. 2018b). Foroutan et al. (2021) 
studied the removal of Cd from wastewater by hydroxyapa-
tite prepared from chicken bones (femur and beak) and fish-
bones and proposed that it is an inexpensive and eco-friendly 
choice. However, little attention has been given to the recy-
cling of phosphate tailings to prepare hydroxyapatite-based 
adsorbents. As a byproduct of the floating of phosphate rock, 
phosphate tailing is one of the largest solid wastes in the 
phosphorus industry due to the low grade of natural phos-
phate rocks (Luo et al. 2017; Amar et al. 2022). Hence, recy-
cling phosphate tailing has great environmental significance 
for green and sustainable development. Interestingly, phos-
phate tailings have chemical composition similar to those of 
natural phosphate rocks, commonly composed of carbonates, 
fluorapatite and quartz (Moukannaa et al. 2018; Gu et al. 
2022). This suggested that phosphate tailing could be an 
alternative source of Ca and P to prepare hydroxyapatite.

Therefore, in the present study, we aimed to extract 
 PO4

3− and  Ca2+ from phosphate tailings as precursors to 
prepare hydroxyapatite-based adsorbent. Then, to investigate 
the physicochemical properties of the prepared adsorbent 
and to evaluate its performance for the sequestration of the 
heavy metal cations Pb, Cd and Zn from solution. The objec-
tive of this study is to develop an efficient and cost-friendly 
adsorbent from recycling phosphate tailings to sequester 
heavy metal cations.

Materials and methods

Preparation of hydroxyapatite from phosphate 
tailing

The raw phosphate tailings from the flotation of natural 
phosphate rocks in this study were provided by Guizhou 
Chanhen Chemical Corporation from southwest China. 
The precipitation method was applied in this study to syn-
thesize hydroxyapatite, which was optimized based on a 
previous study (Asri et al. 2010). Briefly, the tailings were 
dried at 30 °C and ground to pass through a 100-mesh 
sieve. The sieved tailings were reacted in 1 mol/L  HNO3 
at a solid to liquid ratio of 1:15 by vigorously stirring for 
30 min to extract  Ca2+ and  PO4

3−. Then, the solution was 
filtered through a 0.5 μm filter, and the filtrate was col-
lected and adjusted to pH 10 by concentrated  NH3·H2O. 
The precipitate was collected and dried at 100 °C for 8 h 
and then heated in a muffle furnace at 800 °C for 1 h. 
The final solid powders were collected and used for the 
experiment.

Batch experiments for adsorption of heavy metals

The chemical reagents used in this study were of analyti-
cal grade. Stock solutions of Pb, Cd and Zn (1 g/L) were 
prepared from Pb(NO3)2, Cd(NO3)2 and Zn(NO3)2 (solid 
powder, Tianjin Kemiou Chemical Reagent Co., China), 
respectively, in the background electrolyte (0.01 mol/L 
 KNO3 prepared from solid chemical). Working solutions 
of Pb, Cd and Zn for adsorption kinetics and adsorption 
isotherm experiments were prepared by diluting the stock 
solution with 0.01 mol/L  KNO3.

For the adsorption kinetics experiment, 0.10 g of pre-
pared hydroxyapatite-based adsorbent was added to a coni-
cal flask containing 100 mL solutions of Pb (340 mg/L), 
Cd (190 mg/L) or Zn (210 mg/L). The initial pH of these 
working solutions was adjusted to 5.0 by adding  HNO3 
(1.0 mol/L). The conical flask was oscillated at 180 r/min 
in a horizontal shaker (T = 25 °C, 35 °C) and sampled at 
different time points (10 min to 48 h). The collected sam-
ples were filtered through a 0.45 μm filter and acidified by 
concentrated  HNO3 for chemical analysis. The concentra-
tion of heavy metals in the filtrate was measured by atomic 
absorption spectrometer (AAS, PerkinElmer PinAAcle 
900F, USA). Triplicate experiments were performed for 
each treatment to calculate the standard deviation.

For the adsorption isotherm experiments, 0.01 g pre-
pared adsorbent was mixed with 10 mL working solu-
tions in 15  mL centrifuge tubes containing Pb (55 to 
1200 mg/L), Cd (50 to 550 mg/L), or Zn (10 to 500 mg/L). 
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The initial pH of the solutions was adjusted to 5.0, and the 
tubes were oscillated at 180 r/min in a horizontal shaker 
for 24 h at 25 °C. The solution was centrifuged for 20 min 
at 2000 r/min, filtered through a 0.45 μm filter and acidi-
fied by concentrated  HNO3. The adsorption isotherm was 
also conducted in a Pb–Cd-Zn multi-metals solution with 
concentrations of metals ranging from 10 to 400 mg/L. 
The experiment on pH influence was performed at 25 °C 
for 24 h, and the pH values of the solution (Pb: 350 mg/L; 
Zn: 200 mg/L; Cd: 200 mg/L) were adjusted to pH 3.0 and 
6.0 by  HNO3 (0.1–1.0 mol/L). The concentrations of Pb, 
Cd and Zn in the collected aqueous samples were deter-
mined by AAS. Triplicate experiments were performed to 
calculate the standard deviation.

Solid phase characterization

The major chemical compositions of solid samples were 
determined by X-ray fluorescence spectrometer (XRF, 
Thermo Fisher Scientific ARL Perform'X 4200, Switzer-
land). Minerals were measured by powder X-ray diffrac-
tometer (XRD, PANalytical Empyrean, The Netherlands), 
using a Cu Kα (40 kV, 40 mA, λ = 1.5406 Å) monochromatic 
radiation source in the range of 10–60° and scanning at a 
step speed of 5°/min. The functional groups of solid samples 
were determined by the KBr method using Fourier transform 
infrared spectroscopy (FTIR, Brucker Vertex-70, Germany). 
Transmission electron microscope (TEM, FEI Tecnai G2 
F20 S-Twin, USA) combined with energy dispersive spec-
troscopy (EDS, EDAX, USA) was applied to characterize 
the morphology, crystal structure and chemical composi-
tion of the prepared adsorbent before and after adsorption 
of metals. The surface elements of the adsorbent before and 
after adsorption were analyzed using X-ray photoelectron 
spectrometry (XPS).

Data fitting for batch experiments

The adsorption capacity  (Qe) was calculated according to the 
formula described by Mohan et al. (2017):

where  Qe is the adsorption capacity (mg/g);  C0 and  Ce 
denote the concentrations of Pb (mg/L), Cd (mg/L) and Zn 
(mg/L) at t = 0 and equilibrium, respectively; V (L) refers to 
the initial volume of the working solution of Pb, Cd and Zn; 
and M is the weight (g) of the adsorbent.

To investigate the adsorption process and behavior of 
HMs onto the prepared adsorbent, pseudo-first order kinet-
ics (Eq. 2) and pseudo-second order kinetics (Eq. 3) were 
used to fit the data according to (Millar et al. 2016):

(1)Qe =
V ⋅ (C0 − Ce)

M

where  Qe and  Qt are the adsorption capacity (mg/g) at equi-
librium and time t (min), respectively; k1 is the pseudo-first-
order rate constant (1/min); and k2 is the pseudo-second-
order rate constant (mg/ (g min)).

The Langmuir (Eq. 4) and the Freundlich (Eq. 5) isotherm 
adsorption models were used to fit the experimental thermo-
dynamic data according to (Millar et al. 2016):

where  Qe is the adsorption capacity (mg/g) calculated by 
model fitting,  Ce is the residual concentration of metal ions 
in the solution at equilibrium (mg/L),  Qmax is the maximum 
adsorption capacity (mg/L), KL is the Langmuir constant, 
KF is a constant related to adsorption capacity, and 1/n is an 
empirical constant related to adsorption strength.

Results and discussion

Characterization of the hydroxyapatite‑based 
adsorbent

The raw phosphate tailing (PT) was primarily composed of 
CaO (33.0%), MgO (18.0%) and  P2O5 (5.18%), with loss on 
ignition (LOI) of 40.2%, and the dominant minerals were 
dolomite and fluorapatite (Fig. 1 a). The major chemical 
composition of the hydroxyapatite-based adsorbent prepared 
from PT  (HAPPT) was CaO (36.9%),  P2O5 (29.6%) and MgO 
(27.1%), suggesting that MgO existed as impurities based 
on the stoichiometric ratio of HAP. The dissolution and 
reprecipitation of phosphate tailing likely introduced MgO 
into  HAPPT because  Mg2+ began to precipitate at pH ~ 8. 
The hydroxyapatite (HAP) in  HAPPT was characterized by 
peaks at 2θ values of 25.9°, 31.8°, 32.2°, 32.9° and 49.6° (Li 
et al. 2017), consistent with that of HAP reference (Fig. 1 
a). The FTIR results (Fig. 1 b) showed that both  HAPPT and 
HAP reference presented antisymmetric stretching vibration 
peaks (1034  cm−1, 1097  cm−1) of  PO4

3−, symmetric stretch-
ing vibration peak (966   cm−1) and asymmetric variable 
angle vibration peak (567  cm−1, 603  cm−1) of  PO4

3− (Wei 
et al. 2021). Characteristic peaks of carbonate presented in 
PT, such as the carbonate antisymmetric stretching peak 
(1429  cm−1), carbonate out-plane bending peak (876  cm−1) 

(2)Qe = Qt ⋅ (1 − e−k1t)

(3)Qe =
k2Q

2

t
t

1 + k2Qtt

(4)Qe = Qmax ⋅
KLCe

1 + KLCe

(5)Qe = KF ⋅ C
1

n

e
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and in-plane bending peak (726  cm−1) (Li et al. 2022a), 
were not observed in  HAPPT. The combined XRD and FTIR 
results indicated that a hydroxyapatite-based adsorbent was 
successfully prepared from PT. The yield of this method was 
approximately 18%, and the content of  P2O5 in the remaining 
solids was ~ 0.30%. These results indicated a high recycling 
rate of phosphorus in phosphate tailing. Additionally, the 
specific surface area and pore volume of  HAPPT were 27.74 
 m2/g and 0.51  cm3/g, respectively.

Adsorption kinetics of Pb, Cd and Zn

In the adsorption kinetic experiments, the adsorption of 
all metals rapidly increased first, and then slowly reached 
equilibrium for Pb and Cd, and increased slowly for Zn 
(Fig. 2). The adsorption kinetics of metals by the prepared 
 HAPPT were similar to previous studies that used HAP as 
an adsorbent (Liu et al. 2018c; Yuan et al. 2022), in which 
the adsorption of metals reached equilibrium in hours. The 
rapid reaction during the initial stage may be related to the 
changes in concentration of HMs and the adsorption sites 
(Anirudhan et al. 2009). With increasing HMs concentra-
tion, the surface adsorption sites on  HAPPT became satu-
rated, and the adsorption gradually decreased. Moreover, 

the adsorption capacity of metals by  HAPPT increased with 
the temperature increasing from 25 to 35 ℃. The  Qe of Pb 
and Cd at 25 ℃ were 317.44 and 176.74 mg/kg, respec-
tively, and the  Qe at 35 ℃ increased by 14.1% for Pb and 
40.4% for Cd. This result is in agreement with a previous 
study that the removal efficiency increased by ~ 20% for 
Pb and Cu when rising the temperature from 25 to 45 ℃ 
(Liu et al. 2018b). As an exception, the adsorption of Zn 
gradually increased from initial to 48 h, and the removal 
efficiency < 50% in the first 6 h.

The calculated kinetic parameters  (R2) showed that both 
pseudo-first order and pseudo-second order kinetic models 
can predict the adsorption of Pb and Cd by  HAPPT at both 
temperatures (Table 1), which suggested that physical and 
chemical adsorption was involved in the processes. The 
reaction rates of Pb and Cd were higher at 35 ℃ than that 
at 25 ℃, and the calculated adsorption capacities matched 
the experimental results well at both temperatures. The 
low  R2 values of both models for Zn was probably related 
to the increasing adsorption of Zn with increasing contact 
time. The higher  R2 of pseudo-second order model may 
suggest that the overall rate of Zn adsorption was con-
trolled by chemisorption.

Fig. 1  XRD patterns (a) and 
FTIR spectra (b) of phosphate 
tailing (PT), hydroxyapatite-
based adsorbent  (HAPPT) 
and hydroxyapatite reference 
 (HAPc)

Fig. 2  Adsorption kinetics of Pb, Cd and Zn by  HAPPT (T = 25℃, 35 ℃; pH = 5.0)
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Adsorption isotherm of Pb, Cd and Zn

Adsorption in mono‑metal solution

In mono-metal solutions, the adsorption isotherms varied 
in different metals (Fig. 3). It was found that the adsorption 
capacities of metals increased sharply at low initial concen-
trations. The adsorption capacity of Pb increased rapidly 
at concentrations < 325 mg/L, then decreased at concentra-
tions ranging from 460 to 685 mg/L, and finally returned 
to a high level. The adsorption capacity of Cd increased 
with increasing Cd concentrations and then reached a pla-
teau. The effect of initial concentrations on the adsorption 
capacity of Cd was similar to but Pb was different from that 
in previous studies in which Pb increased rapidly and then 

reached equilibrium (Li et al. 2017; Liu et al. 2018c; Su et al. 
2019). The adsorption capacity of Zn increased rapidly at 
concentrations from 10 to 55 mg/L, slightly fluctuated from 
125 to 250 mg/L and then sharply increased again.

The calculated  R2 of fitting showed that the Langmuir 
model better described the adsorption process of Cd by 
 HAPPT (Table 2), indicating a monolayer adsorption (Mohan 
et al. 2017). Although both models presented similar  R2 
values for Pb and Zn, the negative n value suggested that 
the Freundlich model was suitable for describing the data. 
Moreover, the  Qmax of metals predicted by the Langmuir 
model was lower than the experimental values.

The adsorption capacities  (Qmax) of metals by 
 HAPPT decreased in the order of Pb (417.12 mg/g) > Cd 
(369.14 mg/g) > Zn (117.89 mg/g). In comparison with other 

Table 1  Adsorption kinetic 
parameters of Pb, Cd and Zn on 
 HAPPT

Metal Experimen-
tal value

Pseudo-first order Pseudo-second order

T Qe Qe K1 R2 Qe K2 R2

(mg/g) (mg/g) (min−1) (mg/g) (g·mg−1·min−1)

25℃ Pb 317.44 327.99 1.77 0.913 344.18 0.94 ×  10–2 0.906
Cd 176.74 177.03 0.48 0.980 199.35 0.28 ×  10–2 0.927
Zn 130.94 97.06 3.52 0.440 103.43 3.37 ×  10–2 0.618

35℃ Pb 362.09 355.69 2.56 0.814 346.48 3.10 ×  10–2 0.999
Cd 248.11 248.64 1.53 0.966 256.35 1.49 ×  10–2 0.770
Zn 199.96 86.10 2.65 0.518 103.80 2.30 ×  10–2 0.691

Fig. 3  Adsorption isotherms of Pb, Cd and Zn by  HAPPT in mono-metal solution (T = 25℃, pH = 5.0)

Table 2  Freundlich and 
Langmuir isotherm constants 
for the adsorption of Pb, Cd and 
Zn by  HAPPT

Experimental 
value

Langmuir Freundlich

Qmax Qmax KL R2 KF n R2

(mg/g) (mg/g) (L·mg−1)

Pb 461.25 417.12 0.01 0.906 39.73 -0.34 0.960
Cd 383.41 369.14 0.67 0.949 112.10 -0.24 0.772
Zn 161.81 117.89 0.69 0.885 42.00 -0.2 0.985
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adsorbents, the adsorption capacities for Pb, Zn and Cd of 
 HAPPT in this study were higher than that of the reported 
HAP-based materials and other adsorbents (Table 3). For 
example, the  Qmax of Cd by  HAPPT was 13 times higher 
than that of natural HAP (Fernane et al. 2008) and HAP 
synthesized from biological waste (Foroutan et al. 2021). 
First, the small particle size (< 100 nm) may contribute to 
the high adsorption capacities. It has been reported that the 
performance of nanocrystalline HAP in removing Pb and Zn 
was improved by an order of magnitude compared with that 
of mesocrystalline HAP (Ibrahim et al. 2020). Second, reac-
tive constitute of MgO in  HAPPT may also have an important 
contribution because dissolution of MgO can increase the 
solution pH and stimulate HMs to form hydroxide precipi-
tates (Suzuki et al. 2013). The relatively high  Qmax of metals 
implied that  HAPPT prepared from phosphate tailing is an 
efficient adsorbent with great potential for the immobiliza-
tion of Pb, Cd and Zn from soil and water.

Adsorption in multi‑metals solution

In the Pb–Cd-Zn multi-metals solution, the adsorption 
capacity of Pb was substantially higher than that of Cd and 
Zn, with  Qmax increasing with increasing  Ce for Pb, and  Qmax 
fluctuated at approximately 25 mg/g for Cd and Zn (Fig. 4). 
Compared with the mono-metal solution, the maximum 
adsorption quantity decreased by 53% for Pb, 93% for Cd 

and 79% for Zn. These results indicated that Pb was pref-
erentially sequestered by  HAPPT in multi-metals solution, 
consistent with the results for HAP in previous studies (Li 
et al. 2017; Jing et al. 2018; Zhou et al. 2021). Generally, the 
competitive adsorption of metals depends on their chemical 
properties. Zhou et al. (2021) investigated the competitive 
sorption of Pb, Cu, Zn and Cd in binary-metal solutions 
and proposed that hydrated radius and electronegativity pri-
marily contribute to the adsorption capacity in multi-metals 
solution. The adsorption capacity increased with decreasing 
hydrated radius and increasing electronegativity (Ibrahim 
et al. 2020). Therefore, Pb was preferentially adsorbed in 
Pb–Cd-Zn multi-metals solution since it presents a lower 
hydrated radius (4.01 Å) and higher electronegativity (2.33) 
than Cd (4.26 Å, 1.69) and Zn (4.30 Å, 1.65). Additionally, 
the formation of Pb phosphate precipitates may block the 
surface sites and inhibit the surface complexation of Cd and 
Zn on HAP (Li et al. 2017).

Effect of pH on adsorption capacity

The adsorption of metals in mono-metal solutions with ini-
tial pH values of 3 and 6 is displayed in Fig. 5. The adsorp-
tion capacities of Pb and Zn were 189.40 and 115.17 mg/g 
at pH 3, and were 187.55 and 121.40  mg/kg at pH 6, 
respectively. These results suggested that  HAPPT was an 
efficient adsorbent for sequestering Pb and Zn in solution 
with pH ranging from 3 to 6. The adsorption capacity of 
Cd at pH 6 (206.26 mg/kg) was 45% higher than that at pH 
3 (141.81 mg/kg). In a previous study, it showed that nano-
hydroxyapatite removed similar quantities of Pb when pH 
increased from 2 to 5.38, whereas the removal of Cd and Zn 
at pH 3 is much less than that at pH 6 (Zhou et al. 2021). 

Table 3  Comparison of adsorption capacity  (Qmax) for Pb, Cd and Zn 
with various adsorbents

Adsorbent Qmax (mg/g) Reference

Pb HAPPT 417.12 This study
HAP-chitosan 264.42 Guan et al. 2015
Nanocrystalline HAP 378.62 Wei et al. (2021)
Graphene oxide 59.50 Gomes et al. (2022)
Zr-based MOF UiO-66 125.2 Jrad et al. (2022)
PAHHA 232.48 Duan et al. (2022)
MgFe2O4Biochar 198.93 Li et al. (2022b)
F-HAP 285 Liu et al. (2018b)

Cd HAPPT 369.14 This study
Natural HAP 28 Fernane et al. (2008)
Porous HAP nanosheets 24.9 Su et al. (2019)
HAP nanoparticles 61.72 Joshi and Manocha 

(2017)
HAP-chicken femur 22.94 Foroutan et al. (2021)
Zr-based MOF UiO-66 69.1 Jrad et al. (2022)
MgFe2O4Biochar 195.50 Li et al. (2022b)
F-HAP 29.2 Liu et al. (2018b)

Zn HAPPT 147.52 This study
HAP 37.9 Gibert et al. (2021)
Ba-HAP 36.62 Sheha (2007)

Fig. 4  Adsorption of Pb, Cd and Zn by  HAPPT in multi-metals solu-
tion (T = 25 °C, pH = 5.0)
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However, some studies showed that the adsorption capacity 
of Pb and Cd at pH 6 was approximately 50% higher than 
that at pH 3 when HAP prepared from flue gas desulphuriza-
tion gypsum was used as an adsorbent (Yan et al. 2014; Liu 
et al. 2018b). Generally, the dissolution of HAP, precipi-
tation of metal phosphates and changes in surface charge 
of HAP under different pH conditions were major factors 
influencing the adsorption of metals by HAP (Takeuchi and 
Arai 1990; Hashimoto et al. 2009a; Zhou et al. 2021, 2022). 
For the  HAPPT in this study, the dissolution of MgO in the 
solution may substantially elevate the initial pH and thus 
impact the adsorption of metals.

Characterization of  HAPPT 
before and after adsorption

To investigate the immobilizing mechanisms of metals, 
 HAPPT before and after adsorption of 400 mg/L Pb, Cd and 
Zn was analyzed by TEM-EDS, XRD and XPS. The TEM 
images of  HAPPT showed that there were thin film-like sub-
stances with irregular contours (Fig. 6 a) on/around the HAP 
crystals. Based on the chemical compositions determined by 
EDS and XRF, these materials could be MgO, which may 
result from the decomposition of Mg(OH)2 in precipitation 
during calcination at 800 °C. These results further demon-
strated that the prepared material was a HAP-MgO com-
posite. The structure and morphology of  HAPPT changed 
after metal adsorption, indicating the formation of new sub-
stances. After adsorption, Pb primarily occurred in short 
columnar (point 1, atomic proportion of 22.15%) and plate-
shaped substances (point 2, atomic proportion of 23.1%) 
(Fig. 6 b). The chemical composition of these crystals sug-
gested that most Pb resides in phosphates. Cd in the solid 
was mainly present in long columnar (point 1, atomic pro-
portion of 56.62%) and thin-film materials (point 2, atomic 
proportion of 51.87%) (Fig. 6 c), and Cd in HAP crystals 
was not detected by EDS. The Zn in large hydroxyapatite 
crystals was not detected by EDS (point 1 in Fig. 6 d), but a 
high content of Zn was observed in nanoparticle aggregates 
(atomic proportion of 40.01%, point 2 in Fig. 6 d).

To further recognize the newly formed materials after 
metal adsorption, the minerals in the solid were meas-
ured by XRD. For  HAPPT-Pb, characteristic peaks of lead 
phosphate  (Pb9(PO4)6) were observed in the XRD spectra 

Fig. 5  Effect of initial pH on the adsorption of Pb, Cd and Zn by 
 HAPPT

Fig. 6  TEM images and EDS 
spectra of  HAPPT before (a) and 
after adsorption of Pb (b), Cd 
(c) and Zn (d)
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(Fig. 7). Additionally, a characteristic peak at 30.45° was 
also observed, similar to the results in previous studies (Liu 
et al. 2018c; Jing et al. 2018), which suggested the presence 
of  Pb10(PO4)6(OH)2 or  PbxCa(10-x)(PO4)6(OH)2 (Ibrahim 
et al. 2020). Characteristic peaks of Cd(OH)2 and Zn(OH)2 
were observed in  HAPPT-Cd and  HAPPT-Zn, respectively 
(Fig. 7). These results indicated that the metals were immo-
bilized as phosphate and hydroxide precipitates.

The XPS spectra of  HAPPT before and after adsorption 
are plotted in Fig. 8. The occurrence of Pb 4f, Cd 3d and Zn 
4p peaks indicated the adsorption of metals on the surface 
of  HAPPT. The two peaks in the XPS spectra of Pb 4f were 
associated with binding energies of 143.3 eV (Pb  4f5/2) and 
138.4 eV (Pb  4f7/2) (Fig. 8 b), similar to the result for Pb 
adsorbed on Fe-doped hydroxyapatite reported in previous 
studies (Yang et al. 2022), which suggested the precipita-
tion of Pb phosphates and/or isomorphous replacement. Cd 
has two groups of peaks, Cd  3d3/2 and Cd  3d5/2 at binding 
energies of 411.7 (412.6) and 404.9 (405.8) eV, respectively, 
indicating the presence of Cd(OH)2 (Ain et al. 2020; Yang 
et al. 2022). The peaks of Zn  2p1/2 and Zn  2p3/2 appeared 
at 1045.3 and 1022.3 eV, respectively, and the latter likely 
corresponded to ZnO (Zhou et al. 2021).

Mechanisms of heavy metal immobilization

Generally, potential mechanisms contributing to the immo-
bilization of metals by HAP include ion exchange, surface 
complexation, dissolution and precipitation (Marchat et al. 
2007; Amenaghawon et al. 2022). The combined results of 
XRD and XPS showed that Pb was primarily immobilized 
as phosphates. The HAP is stable in basic solution and 
soluble under acidic conditions such as pH 5 in this study 
(Eq. 6), and the dissolved  H2PO4

— released from the dis-
solution of  HAPPT can react with  Pb2+ to form  Pb9(PO4)6 or 
 Pb10(PO4)6(OH)2 (Eqs. 7 and 8; Cao et al. 2004; Hashimoto 
et al. 2009b). Additionally, Pb can replace Ca in HAP by ion 
exchange (Eq. 9; Ibrahim et al. 2020). These reactions can 
be described by following equations:

The immobilization mechanisms for Cd and Zn in this 
study were different from those in previous studies. Forou-
tan et al. (2021) proposed that the main mechanisms of Cd 
removal by HAP were dissolution–precipitation and iso-
morphous substitution. They proposed that soluble phos-
phate reacted with  Cd2+ and formed phosphate compounds 
 (Cd4H(PO4)3H2O),  CaxCdy(PO4)14,  Cd5(PO4)2(OH)4 and 
Cd(HPO4·H2O)2. Liu et al. (2018c) found that Cd can form 
complexes rapidly on the surface of HAP-attapulgite com-
posites and then diffuse into the interior of the particles via 
exchange with Ca. However, in this study, the dominant 
immobilizing mechanism of Cd and Zn by  HAPPT was the 
precipitation of hydroxides. The MgO in  HAPPT was the 
most important factor contributing to the immobilization 
of Cd and Zn in solution because the dissolution of MgO 
released hydroxide ions (Eq. 10; Suzuki et al. 2013). The 
increase of solution pH consequently stimulate the precipi-
tation of Cd(OH)2 and Zn(OH)2 (Eqs. 11, 12). The function 
of MgO also explained the high adsorption capacities of Cd 
and Zn by  HAPPT.

(6)
Ca10

(

PO4

)

6
(OH)2 + 14H+

→ 10Ca2+ + 6H2PO4
− + 2H2O

(7)9Pb2+ + 6H2PO4
− + 12OH−

→ Pb9
(

PO4

)

6
+ 12H2O

(8)
10Pb2+ + 6H2PO4

− + 2OH−
→ Pb10

(

PO4

)

6
(OH)2 + 12H+

(9)
xPb2+ + (10 − x)Ca2+ + 6H2PO4

− + 2OH−
→ PbxCa(10−x)

(

PO4

)

6
(OH)2 + 12H+

(10)MgO + H2O → Mg2+ + 2OH−

(11)Cd2+ + 2OH−
→ Cd(OH)2

(12)Zn2+ + 2OH−
→ Zn(OH)2

Fig. 7  XRD patterns of  HAPPT before and after adsorption of Pb 
 (HAPPT-Pb), Cd  (HAPPT-Cd) and Zn  (HAPPT-Zn)
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Conclusion

An efficient hydroxyapatite-based adsorbent composed of 
hydroxyapatite and MgO was prepared from the recycling 
of phosphate tailings for immobilizing heavy metal cations 
from solution in this study. The kinetic experiments showed 
that the prepared adsorbent can rapidly sequester metals 
from solution and the adsorption capacities increased with 
increasing temperature from 25 °C to 35 °C. Moreover, the 
adsorbent presented high adsorption capacities for Pb, Cd 
and Zn in mono-metal solution with different pHs, and the 
adsorption of Cd increased with increasing pH from 3 to 6. 
In Pb–Cd-Zn multi-metals solution, the adsorption capaci-
ties of metals decreased due to competitive adsorption and 
Pb was preferentially immobilized. The combined results 
of TEM, XRD and XPS demonstrated that Pb was immo-
bilized by forming phosphate resulting from dissolution of 

hydroxyapatite, and the formation of hydroxides dominated 
the immobilization of Cd and Zn due to the dissolution of 
MgO. From the perspective of clean and sustainable devel-
opment, the prepared adsorbent can be an alternative for the 
immobilization of HMs in soil and water.
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