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a b s t r a c t
In this work, magnesium-incorporated hydroxyapatite (MHAP), with a poor crystalline structure 
was synthesized using a sol-gel method to remove lead from aqueous solutions. The results show 
that the adsorption capacity of MHAP for lead greatly increased compared with that of hydroxy-
apatite, which exhibits an adsorption capacity of 227.1 mg g–1 at an initial lead concentration of 
550 mg L–1 at 30°C. This capacity is higher than that of previously reported hydroxyapatite-related 
adsorbents. In addition, the adsorption isotherm could be better described by a Langmuir isotherm, 
and the adsorption kinetics conformed to the pseudo-second-order model. The MHAP removes lead 
via dissolution–precipitation reaction. During the adsorption process, the MHAP was converted to 
hydroxyapatite [(Pb10(PO4)6(OH)2) or (Pb5(PO4)3OH)] as well as calcium lead phosphate hydroxide 
(Ca2Pb8(PO4)6(OH)2 and lead phosphate (Pb9(PO4)6).
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1. Introduction

Lead, which is widely found in the natural environment, 
is generally applied in the metallurgical, paint and cosmetic 
manufacturing industrial fields [1,2]. Lead is regarded as a 
significant pollutant in wastewater, waste gas and soil [3] 
and is even considered to be a “possible human carcinogen” 
by the US Environmental Protection Agency (EPA) due to its 
long-term accumulation in the food chain, non-degradable 
nature in the environment and toxicity to life [4]. In recent 
years, a serious phenomenon occurred in China in which 
lead levels in the blood of children in rural areas exceeded 
100 μg L–1, which indicated that the ecological environment 
was damaged and that human beings suffered from lead 
pollution [5,6]. Therefore, developing a method to efficiently 
remove lead from water and soil is urgent.

The physical chemistry methods that are commonly 
used to remove lead in aqueous solutions include precipi-
tation, membrane separation, electrochemical techniques, 
solvent extraction, filtration and adsorption [7]. Among all 
of the proposed approaches, adsorption has aroused great 
interest because of its low cost and relatively simple process 
[8]. Hydroxyapatite (HAP, Ca5(PO4)3OH), which is derived 
from phosphatic rocks [9], is a common mineral adsorbent 
because of its extensive availability, chemical stability across 
a wide range of natural conditions, and ability to immobilize 
harmful metal ions [10,11]. HAP has been demonstrated to 
have removal abilities for Pd2+, Cd2+, Cu2+, Zn2+, Ni2+ and other 
metal ions [12–15]. However, the low number of functional 
groups and weak affinity for contaminants of HAP limit its 
applications. 
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Hashimoto and Sato [12] reported that poorly crystal-
line HAP has a better adsorption capacity for heavy metals 
compared with commercial, pure HAP. These results were 
also confirmed by Fernane et al. [13]. In addition, doping 
cationic or anionic molecules into HAP was demonstrated 
to be an effective way to break the lattice and improve 
its properties. The mechanical properties of HAP were 
improved by doping with iron or zinc. In addition, alumi-
num-modified HAP and sulfate-doped HAP were found to 
have a higher de-fluoridation capacity [16–19]. Considering 
the similar chemical properties and smaller ionic radius of 
magnesium compared with that of calcium in HAP, mag-
nesium-incorporated HAP should more easily facilitate 
substitution with heavy metal ions. Thus, combining the 
merits of magnesium doping and poor-crystallinity HAP 
may enhance its adsorption capacity for heavy metals. 

On the other hand, Suzuki et al. [20] suggested that the 
adsorption of lead by HAP is an ion exchange process. Lead 
was fixed as an insoluble phosphate, and calcium ions are 
released into the aqueous solution [13,21]. This hypothesis 
was revised by Ma et al. [22], and Xu and Schwartz [23] who 
proposed that the dissolution of HAP and the subsequent 
precipitation of pyromorphite were responsible for the 
immobilization of Pb2+. Additionally, Mavropoulos et al. [24] 
reported that surface complexation could also be involved 
in the immobilization of Pb2+. It is well known that surface 
functional groups are important for adsorption. However, 
the reaction relationship between PO4

3–and –OH on the HAP 
surface and Pb2+ is poorly understood. 

Thus, in this work, magnesium-incorporated HAP with 
a poor-crystallinity was synthesized and characterized, and 
its adsorption properties for lead removal were investigated. 
Besides, the mechanism of lead adsorption on the as- 
synthesized adsorbent was studied.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade and were used as 
received without any further purification. Calcium nitrate 
(Ca(NO3)2·4H2O, 99%), phosphoric acid (H3PO4, ≥85 wt. %), 
magnesium nitrate (Mg(NO3)2·6H2O, >99%), lead nitrate 
(Pb(NO3)2, ≥99.0%), ammonia solution (NH3·H2O, 25%–28%) 
and nitric acid (HNO3, 65%–68%) were obtained from Nanjing 
Chemical Reagent Co., China. Deionized water was used for 
all the experiments. 

2.2. Synthesis of the adsorbents

The pure and magnesium-modified HAP were synthe-
sized using a sol-gel method. Typically, mixed solutions of 
Ca(NO3)2 (0.5 M) and Mg(NO3)2 (0.5 M) with Mg/Ca molar 
ratios of 0, 0.25, 0.5, 0.75 and 1 were added to different 
flat-bottom flasks and followed by the addition of 120 mL 
of 1 M H3PO4. Then, the flasks were placed onto a magnetic 
stirring heating plate, and the temperature of the solutions 
was maintained at 30°C. Subsequently, the pH value of the 
solutions was adjusted to 10 with continuous stirring until 
the formation of a white gel. The resulting gel was stirred 
for another 0.5 h. After that, the flasks were placed in a water 

bath at 70°C for 24 h, and subsequently, the white gel was 
separated from the solution through filtration and washed 
three times with deionized water. The solid product was then 
obtained after dried at 90°C for 12 h and calcined at 300°C 
for 2 h.

The synthetic samples, after grinding and sieving, were 
designated as HAP, 0.25 MHAP, 0.5 MHAP, 0.75 MHAP 
and MHAP, respectively, and were stored in a closed drying 
vessel. 

2.3. Characterization of the adsorbents

The surface morphology and structure of the adsorbents 
were examined using scanning electron microscopy (SEM, 
FEI Quanta TM 250, USA). The infrared spectra were 
obtained from a Bruker (Germany) Vertex 80 Fourier trans-
form infrared spectrometer (FT-IR), and the spectra were 
recorded from 4,000 to 400 cm–1 at a resolution of 0.06 cm–1. 
The powder X-ray diffraction (XRD) of the adsorbents was 
conducted with a Bruker (Germany) D8 advanced X-ray 
diffractometer that operated with Cu Kα radiation at 40 kV 
and 30 mA. X-ray photoelectron spectroscopy (XPS) was 
performed on a Thermo Fisher (USA) ESCALAB 250Xi with 
energy steps of 1 eV (for the survey spectrum) and 0.5 eV 
(for the high-resolution spectra for each element peak). 
N2 adsorption–desorption isotherms were measured on a 
Micromeritics (USA) ASAP 2460 porosimeter after degas-
sing the sample overnight at 100°C. Total pore volume was 
determined by the volume of liquid nitrogen adsorbed 
at a relative pressure of 0.99. Average pore diameter was 
calculated as 4 V/A (V: pore volume; A: surface area).

2.4. Adsorption experiments

The adsorption experiments were performed in a series 
of 250 mL conical flasks. The HAP or MHAP (0.1 g) was 
placed into 50 mL of a lead solution with concentrations 
ranging from 50 to 550 mg L–1. The suspensions were trans-
ferred to a constant temperature shaking table that operated 
at a speed of 180 rmp at 20°C–40°C for 4 h, which was suf-
ficient to reach adsorption equilibrium. The supernatants 
were filtered through a 0.45 μm qualitative filter paper, and 
the concentrations of Pb2+, Ca2+, and Mg2+ in the filtrate were 
measured using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES). The filter residue was collected 
and dried at 50°C for further analysis. 

The adsorption capacity (qe, mg g–1) was calculated 
according to the following equation:

q
C C V

me
e=

−( )0

1 000,
 (1)

where C0 and Ce are the initial and final lead concentrations 
(mg L–1), respectively, V is the volume of the lead solution 
(mL) and m is the mass of the adsorbent (g).

The adsorption kinetic experiments were performed 
by adding 0.1 g of the as-prepared sample to a 250 mL 
Erlenmeyer flask filled with 50 mL of lead solution (200 
or 500 mg/L). The flask was sealed and agitated at 30°C. 
The aqueous samples were taken out at pre-set time intervals, 
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and the concentrations of Pb2+ were similarly measured. 
The solution pH was adjusted with 0.5 M HNO3 or 0.5 M 
NaOH aqueous solution to reach the desired pH values.

3. Results and discussion

3.1. Characterization of the adsorbents

The morphology of pure HAP and Mg-doped HAP with 
different Mg/Ca molar ratios was characterized using SEM 
(Fig. 1). The diameters of the HAP and 0.25 MHAP samples 

ranged from 50 to 200 μm with irregular square struc-
tures. As the Mg/Ca molar ratio increased to 0.5 and 0.75, 
the diameters of the particles decreased to 20–50 μm and 
8–25 μm, respectively. Notably, the particle size of MHAP 
decreased significantly (to 5–15 μm) with a further increase 
of the Mg/Ca molar ratio to 1. Compared with the other four 
adsorbents, the MHAP particles were smaller, thinner, and 
more dispersible with a more amorphous morphology. 

The porosities of the samples were measured, and the 
results are compiled in Table 1. It was obvious that the sur-
face area improved significantly through the addition of Mg. 

 

Fig. 1. SEM images of magnesium-incorporated HAP with different Mg/Ca atomic ratios.
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The specific surface areas of HAP and MHAP were 22.77 
and 50.72 m2/g, respectively. This high surface area can be 
expected to enhance the adsorption performance. 

The FT-IR spectra of the HAP and MHAPs are provided 
in Fig. S1. The peaks at 472, 570 and 604 cm–1 can be 
attributed to the bending vibration of P–O, and the peaks 
at 1,098 and 1,068 cm–1 resulted from the stretching vibra-
tion of P–O, which indicates the presence of PO4

3– in all sam-
ples [25]. The peaks between 3,400 and 3,450 cm–1 belong 
to the band of –OH. The number of functional group can 
be estimated from the corresponding peak area. It was 
easily found that the peak areas at 570 to 470 cm–1, 1,000 
to 1,100 cm–1 and 3,400 to 3,450 cm–1 for the MHAPs were 
higher than those for HAP, which suggested that the doping 
of magnesium increases the number of functional groups of 
PO4

3– and –OH on the sample surface. A new peak appears 
after doping with magnesium, and this peak likely reflects 
a bond that was formed by Mg and other ions. The peak 
at 1,640 cm–1 is ascribed to free water. The peak at 1,440 to 
1,460 cm–1 can be ascribed to C–O bands, which may be due 
to the absorption of carbon dioxide in the air under alka-
line conditions [26]. The stretching vibration peak of N–O 
appears at 1,383 to 1,385 cm–1, which can be attributed to 
NO3

– in the raw materials. 
The XPS spectra of the five synthesized materials are 

shown in Fig. 2. The binding energies of the Ca2p, O1s and 
P2p peaks were 346.9, 530.9 and 132.8 eV, respectively, which 
agree with the values for hydroxyapatite [27–29]. It is clear 
that magnesium was successfully doped into the materials 
because the peak of Mg1s appeared. The binding energy of 
Mg1s was 1,304.8 eV, which approximately conformed to 
MgX2·nH2O as analyzed by the NIST X-ray Photoelectron 
Spectroscopy Database. The atomic ratio of each element 
on the outer surface of the synthesized adsorbents was also 
investigated using XPS. For the MHAPs, the measured con-
tents of magnesium were 3.77%, 5.4%, 11.09% and 16.33%, 
respectively, with an increase in the Mg content from 0.25 to 
1 in the samples. The atomic ratio of Mg/P or Ca/P was calcu-
lated from the ratio of the peak intensity. Generally, the Ca/P 
ratio of pure HAP was 1.67 [30], which was different than 
the results obtained here in which the Mg/P ratio of MHAP 
was 1.92 and the Ca/P ratio of HAP was 1.38. Compared with 
HAP, MHAP lacked phosphorus ions, which may possess 
more active sites [31,32]. The binding energy of O1s is about 
530.9 eV, with the increase of Mg content in the samples, the 
contents of O increased. This may be because that the atomic 
weight of Mg is lower than that of Ca, thus, more O atom was 
combined per gram of sample.

Fig. 3 shows the XRD patterns for the synthesized HAP 
and MHAPs. The diffraction peaks of HAP and 0.25 MHAP 
that were observed at 26°, 32°, 40°, 47° and 50° confirmed 
the formation of a hydroxyapatite structure [28]. Calcium 
hydrogen phosphate hydroxide (Ca9(HPO4)(PO4)5OH, PDF-
46-0905) and magnesium whitlockite ((Ca,Mg)3(PO4)2, PDF-
13-0404) were also detected in the HAP and 0.25 MHAP 
samples. The main diffraction peaks were sharp and nar-
row, which indicated that the synthesized HAP possessed 
a good crystallinity. The peaks located at 17°, 21°, 28°, 34° 
and 45° in the pattern of the 0.25 MHAP sample can be 
attributed to calcium magnesium phosphate (Ca7Mg2P6O24, 
PDF-20-0348). With increasing the Mg/Ca molar ratio to be 
greater than 0.5, the main peaks of the crystalline phase dis-
appeared, which indicated the formation of an amorphous 
phase. This may be because the lattice structure of HAP was 
destroyed with a high Mg incorporation [31–33]. Thus, this 
also indicates that a HAP adsorbent with poor crystallinity 
was successfully synthesized.

3.2. Adsorption experiments

The effect of the doping amount of Mg on the adsorption 
capacity of HAP for Pb2+ at different initial concentrations is 
presented in Fig. 4. The results showed that all adsorbents 
had a good removal capacity for aqueous Pb2+. Clearly, with 
an increasing amount of incorporated Mg, the equilibrium 
adsorption capacity of the MHAPs improved greatly. The 
equilibrium adsorption capacities of HAP, 0.25 MHAP, 
0.5 MHAP, 0.75 MHAP and MHAP were 71.0, 117.6, 169. 0, 
197.0 and 218.0 mg g–1, respectively. It can be clearly seen that 
the capacity of MHAP is almost three times larger than that 
of HAP and is twice as large as that of 0.25 MHAP. When the 
initial Pb2+ concentration was below 50 mg L–1, the removal 
efficiency of all adsorbents was higher than 98.8%, as shown 
in Fig. S2. The results also indicated that magnesium ions 

Table 1
Surface area and porosity data of HAP and MHAPs

Samples Pore volume/
(cm3/g)

Particle 
size/nm

Surface 
area/(m2/g)

HAP 0.12 31.72 22.77
0.25 MHAP 0.25 28.55 34.31
0.5 MHAP 0.24 26.11 37.12
0.75 MHAP 0.17 21.01 40.60
MHAP 0.34 25.46 50.72

 

Fig. 2. XPS spectra of HAP, 0.25 MHAP, 0.5 MHAP, 0.75 MHAP 
and MHAP.



187M. Zhou et al. / Desalination and Water Treatment 171 (2019) 183–195

could obviously improve the adsorption performance of 
HAP. In contrast to those previous reported adsorbents 
(Table 2), MHAP had a superior performance for the immo-
bilization of lead.

The experimental data were modeled by the Langmuir 
and Freundlich isotherm models, and the two equations are 
presented in Eqs. (2) and (3). 

C
q q K

C
q

e

e m L

e

m

= +
1

 (2)

ln ln lnq
n

C ke e F= +
1  (3)

where qm is the maximum saturated monolayer adsorption 
capacity and b is the Langmuir constant. KF is the Freundlich 
constant and n is the degree of favorability of adsorption. 
Ce represents the equilibrium concentration and qe is the 
equilibrium adsorption capacity.

For the Langmuir isotherm model, the values of qm and b 
can be calculated from the slope and intercept of plots of 
Ce/qe vs. Ce, whereas the values of 1/n and KF can be obtained 
by a plot of log qe against Ce for the Freundlich isotherm 
model [42]. The adsorption parameters of the two isotherm 
models are shown in Table 3. The results revealed that Pb2+ 
adsorption onto the HAP and MHAPs were better fitted 
by the Langmuir model than the Freundlich model with 
higher correlation coefficients (R2 > 0.98). The monolayer 
saturation adsorption capacity of MHAP calculated using 
the Langmuir model was 227.27 mg g–1, which is more close 
to the experimental data. 

Fig. 3. X-ray diffraction patterns of HAP, 0.25 MHAP, 0.5 MHAP, 
0.75 MHAP and MHAP.
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Fig. 4. Adsorption isotherm of Pb2+ ions onto HAP, 0.25 MHAP, 
0.5 MHAP, 0.75 MHAP and MHAP.

Table 2
Comparison of the adsorption capacity for Pb2+ with reported adsorbents

Adsorbent qm (mg g–1) Adsorption condition/ g+++ Reference

MHAP 218.0 C0 = 550 mg L–1, pH = 3.79, 30°C This work
HAP 71.0 C0 = 550 mg L–1, pH = 3.79, 30°C This work
HAP derived from gypsum waste 500 C0 = 1,000 mg L–1, pH = 5, 20°C [12]
Calcined phosphate 85.6 C0 = 100 mg L–1, pH = 5, 20°C [14]
Algae marine, nonliving biomass 126.5 C0 = 500 mg L–1, 50 mL, pH = 4.5, 30°C [34]
Sepiolite 185.2 C0 = 2,100 mg L–1, 100 mL, 50°C [35]
Fly ash-based geopolymer 182.4 C0 = 140 mg L–1, 50 mL, pH = 4, 45°C [36]
Metakaolin-based geopolymer 100.0 C0 = 300 mg L–1, 50 mL, pH = 4, 25°C [37]
Citric acid modified rubber leaf powder 109.9 C0 = 100 mg L–1, 50 mL, 25°C [38]
Mesoporous silica-grafted graphene oxide (GO–SBA-15) 255.1 C0 = 300 mg L–1, 20 mL, pH = 5, 25°C [39]
GO-HPEL gel 438.6 C0 = 300 mg L–1, 100 mL, pH = 5.8, 15°C [40]
Magnetic Fe3O4-MnO2 nanoplates 208.1 C0 = 75 mg L–1, 100 mL, pH = 6, 25°C [41]



M. Zhou et al. / Desalination and Water Treatment 171 (2019) 183–195188

The effect of temperature on the adsorption of Pb2+ by 
HAP and MHAP was also studied, as shown in Fig. 5 and 
Table S1. It was observed that a high temperature is beneficial 
for improving the adsorption capacity. As the temperature 
varied from 293 to 313 K, the adsorption capacity of HAP and 
MHAP increased from 67.6 to 82.0 mg g–1 and from 182.6 to 
299.9 mg g–1, respectively. This result was probably because 
the adsorption process was endothermic. The increase of 
temperature may increase the diffusion rate of Pb2+ across 
the external boundary layer and in the internal pores of 
the adsorbent, reduce the viscosity of the solution, and 
increase the number of active sites. To explore the adsorp-
tion thermodynamic process, the thermodynamic parame-
ters, including the free energy change (ΔG), enthalpy change 
(ΔH) and entropy change (ΔS), were computed using the 
following equations: 

∆ ∆ ∆G H T S= −  (4)

∆G RT Kc= − ln  (5)

The equation is conveniently used in a linear form:

lnK H
RT

S
Rc = − +

∆ ∆  (6)

where Kc is the equilibrium constant that is equal to 
the Langmuir constant b, R is the molar gas constant 
(8.314 J mol–1 K–1) and T is the absolute temperature in Kelvin 
(K). The values of ΔS and ΔH can be calculated from the 
intercept and slope of a plot of lnKc vs. 1/T, and the results 
are presented in Table 4. The values of ΔH and ΔG were 
negative, which indicated that the process of adsorption for 
Pb2+ is spontaneous and endothermic. The value of ΔG for 
MHAP was larger than that for HAP, which suggested that 
the adsorption of Pb2+ was easier for MHAP. The randomness 
of the adsorption system for MHAP increased remarkably 

because the entropy change for MHAP was 243.13 J mol–1 K–1 
and for HAP was 48.89 J mol–1 K–1.

3.3. Adsorption kinetics and the effects of pH

The study of the adsorption kinetics can indicate the 
optimum operating conditions and reveal the adsorption 
reaction rate. Using concentrations of 200 and 500 mg L–1 
as examples, the adsorption capacities of HAP and MHAP 
for Pb2+ as a function of the adsorption time are displayed 
in Fig. 6. Obviously, the kinetic curve of MHAP was sim-
ilar to HAP, and the adsorption equilibrium time of both 
adsorbents was short. The adsorption process was roughly 
divided into two stages. In the first stage (t < 60 min), the 
rate of adsorption was rapid, especially during the initial 
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Table 4
Thermodynamic parameters for Pb2+ removal by HAP and MHAP

Adsorbent R2 ΔH (kJ mol–1) ΔS (J mol–1 K–1) ΔG (kJ mol–1)

293 K 303 K 313 K

HAP 0.9938 10.31 48.89 –4.01 –4.50 –4.99
MHAP 0.9523 63.17 243.13 –8.06 –10.50 –12.93

Table 3
Langmuir and Freundlich isotherm parameters for Pb2+ adsorption

Adsorbent
Langmuir model Freundlich model

qm/(mg/g) KL
R2 KF/(mg/g)(L/mg)1/n n R2

HAP 73.21 0.039 0.9880 25.42 6.15 0.9710
0.25MHAP 123.30 0.054 0.9936 29.28 4.06 0.9874
0.5MHAP 176.99 0.107 0.9979 34.94 3.09 0.9521
0.75MHAP 207.47 0.138 0.9934 62.72 4.35 0.8581
MHAP 227.27 0.228 0.9928 63.23 3.43 0.6496
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20 min; 80% of the equilibrium adsorption capacity was 
achieved. In the second stage (60 min < t < 240 min), the 
adsorption capacity increased slightly as the time increased 
until the adsorption equilibrium was reached. Furthermore, 
with the increase in the aqueous lead concentration, the 
adsorption equilibrium time of MHAP did not increase. 
This result indicates that MHAP maintained a good adsorp-
tion kinetic performance for high lead concentrations. 

The pseudo-first-order and pseudo-second-order models 
were used to describe the adsorption process. The expres-
sions for the four kinetic models are shown in Eqs. (7) 
and (8):

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (7)

t
q k q

t
qt e e

= +
1

2
2  (8)

where qe and qt (both in mg g–1) are the amount of Pb2+ 
adsorbed per unit mass of the adsorbents at equilibrium 
and time t. k1 and k2 are the constants for the first-order-rate 
and second-order-rate models, respectively. The calculated 
parameters are presented in Fig. S3 and Table S2. It was obvi-
ous that the pseudo-second-order kinetic model with a high 
correlation coefficient (R2 > 0.999) could better describe the 
behavior of Pb2+ adsorption on HAP and MHAP. In addition, 
the value of qe

b (219.30 mg g–1) calculated from the pseudo- 
second-order model was close to qe

a (227.27 mg g–1) that was 
estimated by the Langmuir isotherm model, which further 
illustrated the good fit of the pseudo-second-order kinetic 
model.

The effect of the solution pH on the removal of lead 
cannot be ignored. Suzuki et al. [43] reported that acidic 
conditions are suitable to remove Pb2+ for apatite. In this 
work, the effect of the pH from 2 to 6.5 on the adsorption of 
Pb2+ by HAP and MHAP was studied, as shown in Fig. S4. 
The results indicated that the removal of lead was almost 
unaffected by the pH value from pH 2 to 5.5 with a capac-
ity of more than 200 mg g–1. As the pH increased above 5.5, 

the amount of immobilized Pb2+ sharply increased, proba-
bly due to chemical precipitation of Pb(OH)2 [44].

3.4. Mechanism of Pb2+ adsorption

To explore the mechanism of Pb2+ removal, the HAP 
and MHAP after adsorption of Pb2+ were analyzed using 
SEM, XPS and XRD. The SEM results (Fig. S5) showed some 
changes in the morphology, and some needle-like materials 
formed over the surface of the adsorbents after adsorption. 
The XPS spectra of MHAP before and after adsorption of 
Pb2+ are depicted in Fig. 7. There are two peaks in the spec-
tra of Pb 4f, one at approximately 138.2 eV and the other at 
approximately 143.2 eV, which can be assigned to Pb 4f7/2 
and Pb 4f5/2, respectively. However, no significant shifts or 
changes were observed in the spectra of Mg1s, P2p, and O1s 
after adsorption. The binding energies of the P2p3/2 and O1s 
peaks were 132.4 and 531.0 eV, respectively, which coincided 
with the typical binding energy between P5+ and O-P with 
oxygen to form phosphate [45–47]. 

Fig. 8 shows the XRD patterns of MHAP and HAP after 
Pb2+ adsorption. The results demonstrated that the struc-
ture and composition of adsorbents significantly changed 
after adsorption. New compounds were formed, such as 
lead phosphate hydroxide (Pb5(PO4)3OH, PDF-08-0259) or 
lead hydroxyapatite (Pb10(PO4)6(OH)2, PDF-# 51-1648) and 
calcium lead phosphate hydroxide (Ca2Pb8(PO4)6(OH)2, 
PDF-# 40-1495). Clearly, the phosphate and hydroxyl were 
involved in the process of adsorption, and the removal of 
lead was mainly achieved by replacing Ca in HAP or Mg 
in MHAP. 

Ma et al. [22] and Liu et al. [40] proposed that the reac-
tion could be explained as ion–ion exchange if a value of 
approximately 1 was found for the molar ratio of Mgrelease/
Pbadsorb or Carelease/Pbadsorb. Fig. S6 presents the relationship of 
the molar ratios (Mgrelease/Pbadsorb or Carelease/Pbadsorb) during 
Pb2+ immobilization. The results showed that the value of 
Mgrelease/Pbadsorb was 0.9843 and 0.9743 for MHAP and HAP, 
respectively. From the stoichiometry, the dissolved cal-
cium or magnesium showed an equal relationship with the 
amount of adsorbed lead. This phenomenon implied ion–ion 
exchange, and the corresponding equation is shown as Eq. 
(9). Lead adsorption by HAP based on ion–ion exchange 
should easily be achieved because of the crystalline struc-
ture of HAP. However, the removal of Pb2+ by adsorption 
on MHAP would better be explained by dissolution–pre-
cipitation than ion–ion exchange because the poor crystal-
lization of MHAP results from destruction of the structure 
by Mg2+. Dissolution–precipitation is a continuous process. 
The reaction of phosphate, hydroxyl and Pb2+ produced 
lead hydroxyapatite (Pb10(PO4)6(OH)2. Part of the Pb2+ could 
also precipitate with calcium, resulting in the formation of 
Ca10-xPbx(PO4)6(OH)2. The Ca10-xPbx(PO4)6(OH)2 crystals with 
a higher content of calcium were unstable [23] and could 
be dissolved, reacting with Pb2+ continuously until the 
formation of pure lead hydroxyapatite (Pb10(PO4)6(OH)2). 
The reaction equations are shown in Eqs. (10) and (11):

Ca PO OH Pb Ca Pb PO OH Ca10 4 6 2
2

10 4 6 2
2( ) ( ) + → ( ) ( ) ++

−
+x xx x  

 (9)
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Fig. 6. Effect of the contact time on adsorption capacity of 
HAP and MHAP for Pb2+.
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The adsorption of Pb2+ by MHAP could be accomplished 
through two steps. The first step is the dissolution of phos-
phate and hydroxyl followed by the precipitation of Pb2+. 
Therefore, increasing the dissolution of phosphate could 
improve the rate and extent of the precipitate formation and 
consequently enhance the adsorption rate and capacity of 
MHAP. However, the dissolution of the phosphate is closely 
related to the surface properties of the adsorbent. An adsor-
bent with a larger specific surface area and pore volume is 
more favorable in terms of dissolving the phosphate and 

hydroxyl groups. The number of PO4
3– and –OH groups is a 

limiting factor in the formation of lead phosphate because the 
amount of Pb2+ is excessive. Increasing the number of surface 
PO4

3– and –OH groups should be helpful for improving the 
rate and amount of lead phosphorus precipitate. Therefore, 
it could be concluded that the surface properties and number 
of functional groups of the adsorbent are the key factors for 
determining the adsorption capacity for Pb2+. Compared with 
HAP, MHAP had a higher specific surface area and more 
surface functional groups, which explained its significantly 
larger adsorption capacity. 

The lead hydroxyapatite crystallite possibly presents as 
a needle-like morphology, as shown in Fig. S5. Furthermore, 
lead phosphate (Pb9(PO4)6, PDF-33-0768) was also detected 
with XRD (Fig. 8). Apart from calcium or magnesium sub-
stituted by lead, the phosphate group was also beneficial for 
removing aqueous Pb2+. The reaction is described in Eq. (12):

Fig. 7. XPS spectra of Mg1s (a), P2p (b), O1s (c) and Pb4f (d) of MHAP before and after Pb2+ adsorption.
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9 62
4
3

9 4 6
Pb PO Pb PO+ −+ → ( )  (12)

In summary, the dissolution-precipitation mechanism 
was proposed as the predominant way in which Pb2+ is 
adsorbed onto MHAP. There were three patterns of Pb2+ 
immobilization: (1) incomplete substitution and formation 
of product similar to Ca2Pb8(PO4)6(OH)2; (2) complete sub-
stitution to form Pb10(PO4)6(OH)2; and (3) PO4

3– fixed with the 
free Pb2+ in an aqueous solution. Among them, the second 
method (i.e., complete substitution) showed the highest 
efficiency for removing Pb2+. 

4. Conclusions

In this work, magnesium-doped hydroxyapatite with a 
poor crystallinity was synthesized and used to adsorb Pb2+ 
from an aqueous solution. The equilibrium adsorption capac-
ity was as high as 218 mg g–1 for MHAP at an initial Pb2+ con-
centration of 550 mg L–1. The adsorption process was sponta-
neous and endothermic. The adsorption behavior of MHAP 
could be well explained by the Langmuir isotherm model and 
pseudo-second-order kinetic model. The adsorption mecha-
nism was found to be the formation of Pb precipitates after 
the dissolution of apatite. Compared with HAP, the adsorp-
tion capacity of MHAP was significantly higher, which could 
be attributed to its larger specific surface area and more sur-
face functional groups. This study demonstrated that MHAP 
is a potential adsorbent to remove lead contaminants from 
aqueous solutions.
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Supplementary information:

Fig. S1. FT-IR spectra of HAP (a), 0.25 MHAP (b), 0.5 MHAP (c), 
0.75 MHAP (d) and MHAP (e).
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Fig. S3. Fitting of kinetic data with the pseudo-first-order kinetic 
model and pseudo-second-order kinetic model.
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Fig. S2. Removal efficiency for Pb2+ by HAP, 0.25 MHAP, 
0.5 MHAP, 0.75 MHAP and MHAP samples at different initial 
concentrations and 303 K.
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Fig. S5. SEM images of HAP (a), 0.25 MHAP (b), 0.5 MHAP (c), 0.75 MHAP (d) and MHAP (e) after lead adsorption.
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Fig. S6. Change in the released Ca2+ and adsorbed Mg2+ in solution (T = 30°C, initial pH = 3.79).

Table S1
Langmuir and Freundlich isotherm parameters for Pb2+ adsorption at different temperature

Adsorbent Temperature (K) Langmuir model Freundlich model

qm/(mg g–1) KL R2 KF/(mg g–1)(L/mg)1/n n R2

HAP
293 67.66 0.036 0.9818 23.04 6.0 0.9773
303 73.21 0.039 0.9880 25.42 6.15 0.9710
313 81.77 0.042 0.9836 28.68 6.13 0.9749

MHAP
293 209.64 0.134 0.9932 62.76 4.34 0.8587
303 227.27 0.228 0.9928 63.23 3.43 0.6496
313 300.30 0.270 0.9263 62.31 1.97 0.7668

Table S2
Adsorption kinetic parameters for Pb2+ adsorption with different model (303 K)

Adsorbent qe,exp /(mg/g) Co /(mg/L) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 /min–1 qe,cal /(mg/g) R2 k2 /min–1 qe,cal /(mg/g) R2

HAP 73.21
200 0.34 45.47 0.6361 0.0042 49.73 0.9997
500 0.41 63.9 0.7175 0.0032 70.32 0.9998

MHAP 227.27
200 0.40 90.56 0.6595 0.0020 100.70 0.9996
500 0.39 202.31 0.7223 0.0011 219.30 0.9998
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