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a b s t r a c t
Magnesium whitlockite has been widely applied in many fields, such as protein adsorption and drug 
delivery. However, the application of MWH in heavy metal adsorption has not been reported yet. 
To obtain the adsorbents with high adsorption capacity, we developed a rapid way to synthesize mag-
nesium whitlockite microspheres with nano-pores by microwave hydrothermal method using the 
adenosine 5’-triphosphate disodium salt hydrate as a phosphorus source. The effects of the reaction 
time and temperature on the composition and morphology of magnesium whitlockite were investi-
gated. Heavy metal removal ability of the prepared magnesium whitlockite at different adsorption 
time and initial Pb2+ concentration was studied. The results showed that the reaction temperature and 
time did not have an obvious effect on the microstructure of the prepared MWH. They were about 
300 nm in diameter with rough surfaces. Adsorption studies showed that Pb2+ ions could be adsorbed 
remarkably and efficiently by the prepared MWH. The adsorption equilibrium of MWH in Pb2+ solu-
tion (200 mg L–1) could be reached in 5 min. The adsorption kinetic study showed that it obeyed the 
pseudo-second-order kinetic model and the Langmuir isotherm model. The experimental maximum 
adsorption capacity of the prepared MWH was 2311 mg L–1. Furthermore, the remove percentage of 
Cd2+, Cu2+ and Pb2+ ions by the MWH in a mixed solution containing these metal ions were 22.3%, 
21.2%, and 86.4%, respectively, indicating that the prepared MWH had an ability to electively adsorb 
Pb2+ ions in Cd2+, Cu2+, and Pb2+-containing solution. Therefore, the prepared magnesium whitlockite is 
a promising adsorbent for being used in the treatment of water pollution.
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1. Introduction

Water is one of the most important and essential 
resources for living beings on the earth [1,2]. Unfortunately, 
water pollution by heavy metal ions is getting more and 
more deteriorated due to rapid industrialization and urban-
ization. Some heavy metals, such as Pb2+, Cd2+ and Cu2+ ions, 

are notorious water contaminants with serious side effects 
and high toxicity even at low concentrations [3–5]. Therefore, 
the efficient and rapid removal of toxic heavy metal ions 
from aqueous solution is an urgent need for public health 
and environmental ecosystems. Over the decades, several 
methods have been developed and employed for removing 
heavy metals including electrolysis, precipitation, ultra-
filtration and adsorption [2,6]. Among these methods, the 
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adsorption is considered as the most suitable solution owing 
to its advantages of easy operation and wide applicability 
[7,8]. Therefore, there is an urgent need to develop highly 
efficient and cost-effective adsorbents for removing heavy 
mental ions from polluted water.

In recent years, the adsorption of heavy metals by inor-
ganic components of hard tissues, which are abundant in 
nature, has attracted much attention. For example, there 
are many reports about the application of hydroxyapatite 
(Ca10(PO4)6(OH)2), the main mineral component of animal 
hard tissues, in heavy metal adsorption [9]. Liao et al. [10] 
explored the ability of carbonate hydroxyapatite to remove 
lead ions (Pb2+), and the maximum adsorption capacity of 
Pb2+ ions was 101 mg g–1. It is likely that the large specific 
surface area endows the nano-calcium phosphate materials 
with an ability to adsorb heavy metals effectively [11]. To 
obtain the adsorbents with high adsorption capacity, nano-
sized adsorbents have been developed for the removal of 
the heavy mental ions. Zhao et al. [12] synthesized hydroxy-
apatite nanosheet-assembled microspheres with a high 
adsorption capacity of heavy metal ions. Wang et al. [13] 
prepared flower-like hydroxyapatite to selectively adsorb 
Pb2+ ions. Zhang et al. [14] investigated the effectiveness 
and mechanism of immobilization of Pb2+ and Cd2+ ions on 
the nano-hydroxyapatite particles. Magnesium whitlockite 
(Ca18Mg2(HPO4)2(PO4)12, MWH), which is formed by par-
tial replacement of calcium with magnesium, is the second 
most abundant mineral in hard tissues. However, there 
are few reports on the adsorption properties and mech-
anism of heavy metals in MWH, due to the difficulty in 
synthesizing single-phase MWH materials [15,16]. Previous 
studies have shown that the MWH exhibited a high protein- 
adsorption capacity, exhibiting a promising application 
in protein adsorption [17]. Therefore, we hypothesize that 
the MWH with large specific surface area might have high 
ion-adsorption capacity.

Since adenosine triphosphate (ATP) is usually recognized 
as a template and can modulate the formation of hierarchical 
nanostructures [18], we reported a rapid way to synthesize 
magnesium whitlockite with nano-pores by microwave 
hydrothermal method using the adenosine 5’-triphosphate 
disodium salt hydrate (Na2ATP) as a phosphorus source. We 
investigated the effects of reaction time and temperature on 
the composition and morphology of MWH. Then we stud-
ied the effects of contact time and initial Pb2+ concentration 
on heavy metal adsorption ability of the prepared MWH. 
Furthermore, the adsorption kinetic and isotherm of MWH 
were explored. The experimental results confirmed that the 
prepared MWH had a high and efficient adsorption ability 
for heavy metal ions, holding a promising application as an 
adsorbent in water pollution.

2. Experimental

2.1. Preparation of MWH microspheres

The MWH microspheres were synthesized by a micro-
wave hydrothermal method. In a typical procedure, 0.110 g 
adenosine Na2ATP was slowly added into a mixed solution 
containing 7 mL CaCl2 solution (0.1 M), 3 mL MgCl2 solution 
(0.1 M) and 30 mL deionized water with magnet stirring at 
room temperature. The pH of the solution was adjusted to 9 

by addition of NaOH (1 M) aqueous solution. The obtained 
solution was placed into a 60 mL polytetrauoroethylene auto-
clave, sealed and microwave-heated in a microwave oven 
with frequency 2.45 GHz, maximum power 1,000 W (MDS-6, 
Sineo, China) at 120°C for 10 min. After reaction, the powders 
were collected by centrifugation, washed with deionized 
water and ethanol for three times, and then dried at 60°C for 
12 h before further uses. In addition, in order to investigate 
the effect of the reaction condition on the microstructure 
of the samples, experiments with varied reaction time and 
temperature were carried out, and the detailed experimental 
parameters were listed in Table 1.

2.2. Adsorption experiments

All the adsorption experiments were carried out at 
room temperature. The Pb2+ solutions were obtained by dis-
solving Pb (NO3)2 in deionized water. The pH values of the 
Pb2+ solutions were adjusted to 5.5 by adding either HCl or 
NH3·H2O aqueous solution. The adsorption kinetic studies 
were carried out as follows: The MWH (10 mg) powders 
were added into 20 mL of 200 mg L–1 Pb2+ solution under 
magnet stirring. After 5, 10, 20, 40, and 60 min, 1 mL medium 
was collected and centrifuged at 8,000 rpm for 10 min. The 
supernatant was analyzed by inductively coupled plas-
ma-optical emission spectrometry (ICP). The adsorption 
capacity qt (mg g–1) at t (min) was calculated according to the 
following equation [19]:

q
C C
m

Vt
t=

−( )
×0  (1)

where C0 and Ct are the concentration of Pb2+ ions at the 0 and 
t min in solution (mg L–1), respectively; V is the volume of the 
Pb2+ solution (L), and m is the dosage of the sorbent (mg). In 
order to evaluate the adsorption equilibrium of Pb2+ on the 
MWH powders, 10 mg samples were immersed into 20 mL 
of Pb2+ solution with initial concentrations of 500; 1,000; 1,500; 
2,000; and 2,500 mg L–1 for 1 h under magnet stirring. After 
that, the slurries were separated by centrifugation and the 
supernatant was analyzed by ICP.

The selective adsorption ability of the prepared MWH 
was also investigated using a mixed solution containing Pb2+, 
Cu2+, and Cd2+. The mixed solution was prepared by dissolv-
ing Cu(NO3)2·3H2O, Pb(NO3)2 and CdCl2·2.5H2O in deionized 
water. The initial concentration of each heavy metal ions 
was 200 mg L–1. The MWH samples (10 mg) were immersed 
into 20 mL mixed solution for 1 h, and then the slurries 

Table 1
Preparation conditions of different samples by microwave 
hydrothermal method

Sample number Temperature (°C) Time (min)

MWH-1 120 10
MWH-2 120 60
MWH-3 140 10
MWH-4 160 10
MWH-5 180 10
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were separated by centrifugation and the supernatant was 
analyzed by ICP.

In addition, in order to evaluate the adsorption efficiency 
of the prepared MWH, the hydroxyapatite (HAP) powder 
synthesized according to a previous study [20] was used as 
the control group. The process of adsorption experiment on 
HAP is exactly the same as that of MWH.

2.3. Characterization

The X-ray diffractometer (XRD, Rigaku D/max 2,550 V; 
Cu Ka1 radiation) and Fourier transform infrared spectros-
copy (FTIR, Thermo Nicolet-nexus, USA) were employed to 
characterize the composition of the samples. The morphology 
and chemical composition of the samples were character-
ized by scanning electron microscope (SEM, FEI Magellan 
400, USA) equipped with energy dispersive X-ray spectrom-
etry (EDX), field emission scanning electron microscopy 
(FESEM, JSM-6700F, JEOL, Japan) and transmission electron 
microscope (TEM, JEM-2100F, JEOL, Japan). The concentra-
tion of heavy mental ions were measured by (ICP, Varain 
715-ES, USA). The thermogravimetric (TG) curves were 
measured at the heating rate of 10°C min–1 in air on a STA 
409/PC simultaneous thermal analyzer (Netzsch, Germany). 
Brunauer–Emmett–Teller (BET, V-sorb 2800P, Gold APP, 
China) was employed to measure the surface area and pore 
volume.

3. Results and discussion

3.1. Characterization of the MWH microspheres

The samples were rapidly synthesized by a microwave 
hydrothermal method, in which ATP was used to supply 
PO4

3– ions. XRD was employed to identify the phase com-
position of the synthesized powders under different con-
ditions and the results are shown in Fig. 1. The diffraction 
pattern of MWH-1 shows an amorphous phase with no 
obvious diffraction peaks. After prolonging the reaction 
time (MWH-2), diffraction peaks which agreed with the 
standard diffraction peaks of MWH (JCPDS 09-0169) were 

observed [17], due to the crystallization of the amorphous 
particles. It could be clearly observed that the peak inten-
sity gradually increased with the increase of the reac-
tion temperature (MWH-3 ~ MWH-5), indicating the high 
microwave- heated temperature could result in well-crystal-
lized MWH powders.

The FTIR spectra of the synthesized samples are shown in 
Fig. 2. The absorption bands at around 3,421 and 1,634 cm–1 
were ascribed to the adsorbed water. The absorption peaks 
at around 563 (v4), 605 (v4), 1,033 (v3) cm–1 were assigned to 
the PO4

3– stretching bands [21]. The peak signals of PO4
3– at 

around 563 and 605 cm–1 became stronger as the microwave 
hydrothermal temperature increased, which was consis-
tent with the XRD results. Both XRD and FTIR results con-
firmed that the synthesized powders were pure magnesium 
whitlockite, and the MWH were not well-crystallized at low 
microwave hydrothermal temperature and short reaction 
time.

The morphologies of the obtained samples were char-
acterized by SEM and TEM and the results are shown in 
Fig. 3. It could be observed that the diameter of the prepared 
magnesium whitlockite microspheres were about 300 nm. 
There were lot of nanoparticles located on the surface of the 
microspheres, resulting in a relatively rough surface struc-
ture. SEM images showed that there was no obvious dif-
ference among the morphology of samples prepared under 
different reaction conditions. However, TEM images showed 
that there was a lot of nano-pores in the microspheres of 
sample MWH-1 (Fig. 3b). After prolonging the reaction time 
to 1 h, the nano-pores drastically reduced and the MWH-2 
became solid microspheres (Fig. 3d). When the microwave 
hydrothermal temperature increased to above 140°C, the 
number of nano-pores was much lower than that of 120°C. 
This indicated that the high temperature and long reaction 
time could lead to the formation of solid microspheres. 
According to these data, the MWH microspheres could be 
rapidly synthesized by microwave hydrothermal method, 
and the degree of crystallization and nano-pores forma-
tion could be controlled by adjusting the reaction time and 
temperature.

 

Fig. 1. XRD data of the synthesized samples. MWH-1: 120°C for 
10 min; MWH-2: 120°C for 60 min; MWH-3: 140°C or 10 min; 
MWH-4: 160°C or 10 min; MWH-5:180°C or 10 min.

Fig. 2. FTIR patterns of the synthesized samples. MWH-1: 120°C 
for 10 min; MWH-2: 120°C for 60 min; MWH-3: 140°C or 10 min; 
MWH-4: 160°C or 10 min; MWH-5:180°C or 10 min.
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In order to identify the chemical composition of the 
MWH microspheres, a certain amount of samples were dis-
solved and the concentrations of Ca, Mg, and P ions in the 
solution were analyzed by ICP. The element molar ratios of 
the prepared samples are shown in Fig. 4. The (Ca + Mg)/P of 
amorphous phase MWH-1 was a bit lower than that of crys-
tallized MWH-5. There were no significant differences in the 
composition of these powders. Moreover, the (Ca + Mg)/P 
element molar ratio of MWH powders were close to that of 
standardized MWH powder (Ca18Mg2(HPO4)2(PO4)12) with 
(Ca + Mg)/P of 1.428. The results showed that the microwave 
hydrothermal temperature and reaction time had little influ-
ence on the composition of the MWH powders. Based on the 
above results, we developed a simple and rapid way to pre-
pare the MWH microspheres by a microwave hydrothermal 

method. The high microwave hydrothermal temperature and 
long reaction time could contribute to produce more PO4

3– ions 
and driving force for nucleation, resulting in crystallization.

Furthermore, we also investigated the stability of the 
MWH powders by TG analysis and the results were showed 
in Fig. 5. The weight loss of the samples from 30°C to 150°C 
was mainly contributed to the water evaporation [22]. The 
sample MWH-1 exhibited a weight loss of 11.82% from 30°C 
to 150°C, while the weight loss of MWH-4 and MWH-5 were 
5.63% and 2.68%, respectively. After this stage, the mass loss 
of MWH-1 continuously increased with the increase of tem-
perature, and finally reached 33.95% at 900°C, which was 
much higher than that of the other samples. The reasons for 
the weight loss of MWH-1 were the adsorbed water, bounded 
water and the amorphous phase [17]. Therefore, the crystal-
lized MWH powders was more stable than the amorphous 
MWH-1.

3.2. Adsorption performance studies

According to previous studies [14,23,24], the high spe-
cific surface area or porous structure and poor-crystallinity 
could improve the adsorption capacity of adsorbents for 
heavy metals. Therefore, the amorphous MWH-1 with lots 

 

Fig. 3. SEM (left column) and TEM (right column) images of 
the synthesized samples. (a,b) MWH-1: 120°C for 10 min; (c,d) 
MWH-2: 120°C for 60 min; (e,f) MWH-3: 140°C or 10 min; (g,h) 
MWH-4: 160°C or 10 min; and (i,j) MWH-5:180°C or 10 min.

 

Fig. 4. ICP results of the synthesized samples. MWH-1: 120°C 
for 10 min; MWH-2: 120°C for 60 min; MWH-3: 140°C or 10 min; 
MWH-4: 160°C or 10 min; MWH-5:180°C or 10 min.

 

Fig. 5. TG curves of the synthesized samples. MWH-1: 120°C for 
10 min; MWH-2: 120°C for 60 min; MWH-3: 140°C or 10 min; 
MWH-4: 160°C or 10 min; MWH-5:180°C or 10 min.
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of nano-pores was used to remove the heavy metal ions 
for potential application in water treatment. The surface 
area of MWH-1 was 44.6 m2 g–1. The average pore diameter 
and cumulative pore volume were 7.2 nm and 0.11 cm3 g–1, 
respectively. To evaluate the adsorption ability of the MWH, 
the hydroxyapatite was served as a control group, since 
hydroxyapatite is an effective candidate to adsorb heavy 
metal ions. Subsequently, adsorption isotherms of the MWH 
and HAP for removing Pb2+ ions were investigated by a 
series of experiments. Fig. 6 shows the effect of the contact 
time on the Pb2+ ions adsorption. At the initial Pb2+ concen-
tration of 200 mg L–1, both MWH and HAP could quickly 
reach the adsorption equilibrium at 5 min. The adsorption 
amount of Pb2+ ions onto the MWH and HAP at adsorption 
equilibrium were 331.8 and 128.3 mg g–1, respectively. It was 
obvious that the equilibrium adsorption capacity of MWH 
was about three times higher than that of HAP. Furthermore, 
the removal percentage of Pb2+ ions by MWH and HAP 
within 1 h were 99.1% and 38.2%, respectively. The results 
demonstrated that the MWH could efficiently remove heavy 
metals in a short time.

The kinetic order of the adsorption process was also 
explored through studying the kinetic order model. A 
lot of studies have reported that the HAP agree with the 
pseudo-second-order model. Therefore, it is necessary to 
study whether MWH obey the pseudo-second-order model. 
The pseudo-second-order model is as below [25]:

t
q kq

t
qt e e

= +
1
2

 (2)

In which qt is the adsorption capacity of Pb2+ at t (min) 
and qe is the equilibrium adsorption amount (mg g–1), k is the 
second-order rate constant (g mg–1 min–1). The slope of 1/qe is 
obtained by plotting t/qt versus t.

The correlation coefficient R2 of the pseudo-second- 
order model is shown in Fig. 7. Our results showed that the 
R2 values of MWH and HAP were close to 1, suggesting that 
the adsorption process of Pb2+ ions on the MWH and HAP 
agreed with the pseudo-second-order kinetic model [26]. 

According to the plot of pseudo-second-order kinetic model, 
the calculated qe values of MWH and HAP were 333.3 and 
135.1 mg g–1, respectively. Under the same conditions, the 
equilibrium adsorption amount of our experiment results 
were 331.8 and 128.3 mg g–1, which were very close to the 
calculated qe values. These results indicated that the equilib-
rium adsorption of the MWH and HAP could nearly com-
plete within 1 h. The adsorption process of Pb2+ ions on the 
MWH and HAP might follow the pseudo-second-order 
kinetic model.

The adsorption isotherms of the MWH and HAP adsor-
bents were explored by changing the initial concentrations of 
Pb2+ ions from 500 to 2,500 mg L–1. The experimental results 
from the different initial concentrations were fitted with 
well-known Langmuir isotherm model equation [27]:

C
q

C
q k q

e

e

e

m L m

= +
1  (3)

In which Ce (mg L–1) and qe (mg g–1) are the equilibrium 
concentration and capacity of Pb2+ ions adsorption, respec-
tively. The qm (mg g–1) represents the maximum adsorption 
capacity of Pb2+ ions, kL (L mg–1) represents the Langmuir 
constant, indicating the relative strength of adsorption.

The results according to the Langmuir isotherm model 
equation are shown in Fig. 8. It could be seen that the 
correlation coefficients R2 of Langmuir isotherm model for 
MWH and HAP adsorbent were 0.9779 and 0.9609, respec-
tively, suggesting that the adsorption process of MWH and 
HAP could be suitable for Langmuir isotherm model. It is 
known that the Langmuir model is based on the assump-
tion of uniform surface properties in the adsorbent [28]. 
Therefore, the MWH with lots of nano-pores could provide 
more uniform adsorption sites than that of HAP. The cal-
culated maximum adsorption capacity of Pb2+ ions on the 
MWH and HAP from Langmuir isotherm equation were 
2,500 and 1,250 mg g–1, respectively, while the experimen-
tal maximum adsorption capacity of Pb2+ ions on the MWH 
and HAP were 2,311 and 1,007 mg g–1, respectively. The 
calculated results were consistent with the experimental 

 

Fig. 6. Adsorption of Pb2+ ions with different contact time of the 
samples.

 

Fig. 7. The pseudo-second-order adsorption kinetic plots for Pb2+ 

ions of the samples.
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data, indicating the applicability of Langmuir isotherm 
model. Moreover, the adsorption capacity of MWH in our 
study was much greater than that of HAP. The maximum 
adsorption capacities of Pb2+ ions on HAP in previous studies 
were showed in Table 2. It could be clearly observed that the 
adsorption capacity of Pb2+ ions on MWH was much higher 
than the other materials. It is well known that HAP has been 

confirmed as an effective adsorption material due to the 
ion exchange reaction and physical adsorption [13,29]. The 
amorphous phase of MWH may promote ion exchange reac-
tion owing to the poor crystallinity [23]. On the other hand, 
the MWH was formed by the substitution of calcium ions 
with the magnesium ions, which may also contribute to the 
ion exchange reaction. In addition, the MWH microspheres 
with nano-pores also provided more physical adsorption 
sites for adsorption of heavy metal ions. Taken together, 
the results showed the amorphous MWH with nano-pores 
could significantly improve the removal of Pb2+ ions, and 
MWH might serve as an efficient and potential adsorbent 
for the adsorption of Pb2+ ions in aqueous solution.

In order evaluate the adsorption mechanism of the 
prepared MWH, the samples immersed in Pb2+ solution of 
2,500 mg L–1 for 1 h were analyzed by SEM, EDX and FTIR. 
The microstructure and EDX mapping of the MWH after 
absorbing Pb2+ for 1 h were showed in Fig. 9. It could be 
observed that there were some newly formed small particles. 
In addition, the surface of the powder turned from nanopores 
to smooth structure, indicating that there was new substance 
formed in the surface of the powder. The EDX mapping anal-
ysis showed that the powders were composed of Pb, Ca, P, 
and O and they uniformly distributed in the samples after 
adsorbing. These results indicated that adsorption of lead 
ions from solution might be through surface ion exchange. 

 

Fig. 8. Langmuir adsorption isotherm for Pb2+ ions of the samples.

Table 2
Summary of the maximum adsorption Pb2+ capacities on different adsorbents

Adsorbent Initial concentration (mg L–1) Adsorption capacity qm (mg g–1) Reference

Carbonate hydroxyapatite 10–500 101 [10]
Hydroxyapatite 1,000–8,000 320 [8]
Carbonated hydroxyapatite/chitosan 400 559.6 [30]
Magnesium whitlockite 500–2,500 2,311 Present study

 

Fig. 9. SEM (a) and EDX mapping (b) images of MWH after soaked in Pb2+ solution for 1 h.
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The FTIR spectrum of MWH after adsorption of Pb2+ is dis-
played in Fig. 10. It could be observed that there was no 
obvious difference between the displacement of infrared 
absorption peaks before and after adsorption of Pb2+ ions. 
This further confirmed that the adsorption of Pb2+ was mainly 
ascribed to the substitution of cations in MWH [30–32].

The selective adsorption activities of heavy metal ions 
on the MWH and HAP were also investigated in the solu-
tion containing heavy metal ions of Cd2+, Cu2+, and Pb2+ 
ions. The whole adsorption process lasted for about 1 h. The 
results of the selective adsorption are presented in Fig. 11. 
The adsorption values of Cd2+, Cu2+, and Pb2+ ions on the 
MWH at 1 h were 84.6, 80.5, and 328.4 mg g–1, respectively, 
and the adsorption efficiencies of Cd2+, Cu2+, and Pb2+ ions 
on the MWH were 22.3%, 21.2%, and 86.4%, respectively. 
Both the adsorption values and efficiencies of Cd2+, Cu2+, 
and Pb2+ ions on the MWH were much higher than that of 
the HAP. Additionally, these results also indicated that the 
adsorption of Pb2+ ions was more active than those of the 
Cd2+ and Cu2+ ions onto the MWH and HAP. According to 
the previous studies [33], the adsorption efficiency mainly 
depends on the interaction force between the adsorbent 
material and metal ions. Therefore, the highest adsorption 
value of Pb2+ ions on the MWH and HAP might be due to 

the stronger interaction force between lead ion and MWH 
than other metal ions.

4. Conclusions

In summary, we reported a rapid way to synthesize 
magnesium whitlockite microspheres with nano-pores 
by microwave hydrothermal method using the adenosine 
Na2ATP as a phosphorus source. The microwave-heated 
time and temperature did not have an obvious effect on the 
phase composition and morphology of the prepared MWH. 
The amorphous MWH with nano-pores showed a relatively 
high adsorption capacity for Pb2+ ions. The adsorption kinetic 
of Pb2+ ions on the MWH adsorbents agreed well with the 
pseudo-second-order kinetic. The adsorption isotherm 
of the MWH for Pb2+ ions obeyed the Langmuir isotherm 
model. Furthermore, the MWH had an ability to selectively 
adsorb Pb2+ ions in Cd2+, Cu2+ and Pb2+-containing solution. 
The results suggest that the prepared MWH with rapid 
preparation method and strong adsorption capacity can be 
used as an ideal adsorbent for removing heavy metal ions as 
Pb2+ in water.
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