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Magnetic hydroxyapatite nanoparticles (MNHAP) adsorbents were synthesized and were used for the
removal of Cd2+ and Zn2+ from aqueous solutions. The properties of this magnetic adsorbent were char-
acterized by scanning electron microscopy (SEM), energy dispersive analysis system of X-ray (EDAX),
X-ray powder diffraction (XRD) analysis, zeta potential, BET surface area measurements and magnetiza-
tion curves. Experiments were carried out to investigate the influence of different sorption parameters,
etal ions
agnetic adsorbents

dsorption
agnetic separation

such as contact time, initial concentration of metal ions, the dosage of MNHAP, pH value of the solutions
and competitive adsorption behavior. Kinetic data are well fitted by a pseudo second-order model and
the equilibrium data are analyzed by Langmuir model very well with high correlation coefficient. From
the Langmuir isotherms, the maximum adsorption capacities of MNHAP adsorbents towards Cd2+ and
Zn2+ are 1.964 and 2.151 mmol g−1, respectively. The results revealed that the most prominent advan-

AP ad
tage of the prepared MNH
adsorbents.

. Introduction

It is well known that heavy metals such as cadmium and zinc
n environments pose a serious threat to plants, animals and even
uman beings because of their bioaccumulation, nonbiodegradable
roperty and toxicity even at low concentrations [1]. In general,
he pollution caused by heavy metals has detrimental effect on
he environment all over the world. For example, a variety of
oxic effects on aquatic organisms can be produced by endangering
cosystems; human health can be directly or indirectly influenced
y multiple channels such as touching with skin, drinking water,
nd food chain. In addition, in agro-ecological environment, espe-
ially in soils, the phenomenon of heavy metals pollution is now
uite common. Heavy metals cause great harm to the crop growth,
ield and quality. So the removal of heavy metals, such as mer-

ury, lead, zinc, copper, cadmium, and arsenic, from natural waters
r soils has attracted considerable attention [2]. The conventional
echnologies for the removal of heavy metal ions from aque-
us solution include chemical precipitation, ion exchange, reverse
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ax: +86 731 88822829.
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sorbents consisted in their separation convenience compared to the other

© 2010 Elsevier B.V. All rights reserved.

osmosis, electrochemical treatment and adsorption [3]. Among
the different treatments described above, adsorption technology
is attractive due to its merits of efficiency, economy and simple
operation [4]. The common adsorbents primarily include activated
carbons, zeolites, clays, biomass and polymeric materials [5]. How-
ever, these adsorbents described above suffer from low adsorption
capacities and separation inconvenience. Therefore, efforts are still
needed to exploit new promising adsorbents.

In recent years, several studies have been performed to explore
the application of mineral materials of environmental functions to
dispose wastewater containing heavy metals. It is reported that
zeolite [6,7], montmorillonite [8,9], rectorite [10,11], diatomite
[12,13] and other mineral materials can treat wastewater by
adsorption, ion exchange, precipitation and surface complexation
because of their excellent surface characteristics and ion adsorp-
tion and exchange performance. As the mineral materials have
the advantages of wide sources, low cost, simple process, easy
use and no regeneration, mineral materials of novel environmen-
tal functions will have a great scientific, social and economic
significance. It was reported that apatite-group minerals with

special crystal chemistry characteristics would become the most
promising mineral materials of environmental functions in the
treatment of wastewater containing fluoride and heavy metals
[14,15]. As a member of apatite mineral family, hydroxyapatite
(Ca10(PO4)6(OH)2, HAP) is an ideal material for the disposal of long-

dx.doi.org/10.1016/j.cej.2010.05.049
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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erm contaminants because of its high sorption capacity for heavy
etals, low water solubility, availability, low cost and high sta-

ility under oxidizing and reducing conditions [16]. The sorption
echanisms of the heavy metals are diverse and mainly include:

on exchange, dissolution/precipitation, and formation of surface
omplexes [17,18].

There are many reports on using HAP to remove a variety of met-
ls. Recently, Zhou et al. [19] have synthesized a hydroxyapatite
anoparticle as adsorbent for the removal of copper ion. Dybowska
t al. [20] have reported the natural and synthetic apatites for the
emoval of metals from aqueous solutions. Mignardi’s group has
tudied the removal of copper and zinc from single- and binary-
etal solutions using hydroxyapatite [21]. Smiciklas et al. [22]

eported that HAP had high sorption capacity for Cd2+, Zn2+ and
b2+. They found that the maximum sorption capacity of HAP was
76.09, 67.55 and 37.53 mg g−1 for Pb2+

, Cd2+ and Zn2+ respec-
ively. A comparative study of the adsorption of Cd, Zn and Co by
alcite and HAP was performed by Cicerone and coworkers [23]
sing batch experiments. The results showed that both materials
ere effective for heavy metals retention, but HAP had better per-

ormance for water treatment due to its greater efficiency for the
etention of Cd, Zn and Co. However, all the adsorbents based on
AP described above had the common drawback of inconvenience

o separation.
Magnetic separation technology as an efficient, fast and eco-

omical method for separating magnetic materials has been widely
sed in textile, biology, and environmental protection [24–26].
he adsorbents combining magnetic separation technology with
dsorption process have been widely used in environmental purifi-
ation [27–29]. The main advantage of this technology is that it can
ispose a mass of wastewater in a very short period of time and
roduce no contaminants.

In this study, we propose to synthesize magnetic hydroxyapatite
anoparticles (MNHAP) and explore the possibility of using MNHAP
s adsorbents for the removal of Cd2+ and Zn2+ from aqueous
olution. The MNHAP possess merits of high adsorption capac-
ty of hydroxyapatite nanoparticles and separation convenience
f magnetic materials. Furthermore, the removal of heavy metals
rom aqueous solution using MNHAP as adsorbents has never been
eported in the literature. The MNHAP adsorbents were carefully
haracterized and the experimental parameters were also investi-
ated in detail.

. Materials and methods

.1. Materials

Cd(NO3)2 and Zn(NO3)2 standard samples were purchased
rom Institute for Environmental Protection in China. FeCl2·4H2O,
eCl3·6H2O, ammonia (25%), Ca(NO3)2·4H2O and (NH4)2HPO4 were
ll analytical grade. All metal solutions were prepared from their
itrate salts (AR) and distilled water.

.2. Synthesis of MNHAP

The synthesis of MNHAP was performed according to the litera-
ure previously reported with some modification [30]. Typically,
ppropriate amount of FeCl2·4H2O (1.85 mmol) and FeCl3·6H2O
3.7 mmol) was dissolved in 30 mL of deoxygenated water under a
itrogen atmosphere at room temperature, and then 10 mL of 25%

H4OH solution was added to the resulting solution under vigorous
echanical stirring (300 rpm). A black precipitate was produced

nstantly. After 15 min, an amount of 50 mL of Ca(NO3)2·4H2O
33.7 mmol) and an amount of 50 mL of (NH4)2HPO4 (20 mmol)
olutions whose pH were all adjusted to 11 were dropwise added
Journal 162 (2010) 487–494

simultaneously to the obtained precipitate solution for 30 min with
mechanical stirring. The resulting puce suspension was heated at
90 ◦C for 2 h and then the mixture was cooled to room temperature
and aged for 12–24 h without stirring. The obtained precipitate was
separated by a magnet, washed repeatedly with deionized water
till neutrality, dried in the drying oven at 90 ◦C, and grinded with
mortar. The final products were the prepared MNHAP adsorbents.

2.3. Adsorbent characterization

The size and morphology of the synthesized MNHAP was charac-
terized by scanning electron microscopy analysis using a JSM-5600
LV microscope (JEO, Ltd., Japan). The sample composition and
element contents were analyzed by energy dispersive analysis sys-
tem of X-ray (EDAX) using a EDX-GENESIS (EDAX, Ltd., USA). The
structure of the synthesized magnetic adsorbents was analyzed
by X-ray powder diffraction (XRD) pattern recorded on a D/max
2550 X-ray Diffractometer (RigaKu, Japan) using Cu K� radiation
(� = 0.1541 nm) in steps of 0.05◦ (2�) min−1 from 10◦ to 80◦ (2�).
The Brunauer–Emmett–Teller (BET) specific surface area was deter-
mined by nitrogen adsorption–desorption at 77.30 K (Metallurgy
ASAP 2010, USA). The zeta potential of MNHAP suspensions was
measured using a Zeta Meter 3.0 (Zeta Meter Inc.) equipped with a
microprocessor unit. The magnetic properties were characterized
by magnetization curves using a HH-50 vibrating sample magne-
tometer in the condition of sensitivity 20 mV.

2.4. Adsorption experiments

The adsorption experiments of Cd2+ and Zn2+ were performed
according to the batch method. The conical flasks containing 0.002 g
adsorbent and 20.00 mL metal solution with the initial pH value
5.0 ± 0.1 were placed on a constant temperature bath oscillator to
vibrate at room temperature (25 ± 1 ◦C). After a period of time, the
MNHAP were separated from the solutions using a permanent mag-
net and the initial and final metal concentrations were determined
by a Perkin-Elmer Analyst 700 AAS.

2.4.1. Effect of equilibration time
The effect of contact time on each metal sorption was studied

in different time intervals ranging from 15 min to 2 days with the
initial metal concentration of 2 × 10−3 mol L−1. After the comple-
tion of the reaction, conical flasks were taken out and the MNHAP
adsorbents were separated followed by the determination of the
residual metal concentrations.

2.4.2. Effect of initial metal concentration
Sorption isotherms were obtained by equilibrating MNHAP

with metal solutions of different initial concentrations
10−4–10−2 mol L−1 for 24 h. After separation, the final con-
centrations of metal in the solutions were measured.

2.4.3. Effect of MNHAP amount
The suspensions containing different amount of MNHAP (from

0.05 to 0.5 g L−1) and 2 × 10−3 mol L−1 metal solution were placed
on a constant temperature bath oscillator for 24 h. After separation,
the residual metal concentrations in the solutions were measured.

2.4.4. Effect of pH
Sorption behaviors of Cd2+ and Zn2+, for the same initial concen-
tration, equilibration time and adsorbent amount, were studied as
a function of pH. The initial pH values were adjusted from 4 to 10,
using HNO3 or KOH solution. After contacting for 24 h, the suspen-
sions were separated and the residual metal concentrations were
analyzed.
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.4.5. Competitive adsorption of Cd2+ and Zn2+ in the total
oncentration changeless

In this part, our objective was to study the effect of two
etal ions coexistence on the total adsorptive capacity of MNHAP.

he experiment was conducted keeping the total concentration
hangeless 2 × 10−3 mol L−1 and changed each metal ions concen-
ration. The other conditions are the same as mentioned above.

.4.6. The effect on adsorption of Cd2+ or Zn2+ with the presence
f Zn2+ or Cd2+

In this binary system, one metal ion was fixed to
× 10−3 mol L−1, the other one varied from 10−4 to 10−2 mol L−1.

n order to make the comparison of sorption behavior more
ccurately, the initial concentrations selected in the range of
0−4–10−2 mol L−1 were consistent with that in single component
ystem. The other conditions are the same as mentioned above.

.5. Desorption experiments

In order to estimate the reversibility of Cd2+ and Zn2+ sorption,
esorption experiments using solutions with different pH were
erformed. Firstly, MNHAP was loaded with Cd2+ or Zn2+ by equi-

ibrating the adsorbent with 2 × 10−2 mol L−1 Cd2+ or Zn2+ solution
The resulting suspensions were separated and the final metal con-
entrations were determined. Subsequently, the solid residue was
horoughly washed several times with distilled water, and dried
t 90 ◦C. Secondly, amount of 0.1000 g of the obtained adsorbents
as added into 20 mL of four kinds of eluants including EDTA, HCl,
a(NO3)2 and NaOH respectively at room temperature (25 ± 1 ◦C)
nder vibration conditions for 24 h. After the completion of the
eaction, the metal concentration in each eluant was measured.

. Results and discussion

.1. Properties of prepared magnetic adsorbents

The scanning electron microscope (SEM) micrograph of MNHAP
s shown in Fig. 1. The result showed that the synthesized MNHAP

ere spherical shape with the diameter of about 28 nm and were
ggregated with many nanoparticles, which resulted in a rough sur-
ace and porous structure. Fig. 2 shows the EDAX spectra of MNHAP
dsorbents before and after loaded with Cd2+ and Zn2+ respectively.
he Ca/P molar ratio of the MNHAP adsorbents is 1.65, which is less
han the ideal stoichiometric apatite (1.67). Table 1 indicates the
resence of iron and oxygen in addition to major constituents – cal-
ium and phosphorous in sample of MNHAP adsorbent. Comparing
he spectra of the MNHAP loaded with Cd2+ and Zn2+ with that of
nloaded one, the cadmium peak and zinc peak could be observed.

t was suggested that heavy metals including Cd2+ and Zn2+ had
een adsorbed on the surface of MNHAP successfully. Moreover,
fter loading with heavy metal, a distinct decrease of calcium peak
ntensity could be found. This phenomenon might be derived from

he participation of certain degree of interchange in the Cd2+ and
n2+ adsorption. In addition, the diminution of the phosphate peak
ould be observed after adsorption (shown in Fig. 2b and c). The rea-
on may be caused by the fact that the adsorption of heavy metal
uch as cadmium or zinc on the surface of MNHAP adsorbent lead-

able 1
he chemical composition of MNHAP before and after loaded with Cd2+ and Zn2+.

Substance Ca (At %) P (At %) O (A

MNHAP 24.49 14.81 45.
MNHAP loaded with Cd 20.13 14.77 45.
MNHAP loaded with Zn 18.29 14.69 45.
Fig. 1. SEM micrograph of the synthesized MNHAP adsorbents.

ing to the increase of total amount of MNHAP adsorbent and the
decrease of phosphate proportion.

The BET surface area of MNHAP adsorbent was 142.5 m2 g−1,
which was higher than that of HAP previously reported
[18,23,31–33]. Fig. 3 shows XRD pattern of the prepared MNHAP
adsorbent. It was observed that the principal components of
MNHAP adsorbent included hydroxyapatite (HAP), magnetite
(Fe3O4) and maghemite (Fe2O3). Among them, the magnetite and
maghemite were magnetic.

The room-temperature magnetization curve of the MNHAP
(Fig. S1) showed that the saturation magnetization is 59.4 emu g−1

indicating a relatively strong magnetic response to a magnetic field.
Saturation magnetization, used to measure the maximum magnetic
strength, is a crucial parameter for successful magnetic separation.
Ma et al. [34] found that a saturation value of 16.3 emu g−1 was suf-
ficient for magnetic separation with a conventional magnet. Thus,
the saturation magnetization value of MNHAP was high enough for
magnetic separation. Fig. S2 shows that MNHAP adsorbent suspen-
sions in aqueous solution can be separated from the solutions by
an external magnetic field conveniently. Therefore, the MNHAP can
be used as magnetic adsorbents for the removal of Cd2+ and Zn2+

from aqueous solution.

3.2. Sorption study

3.2.1. Sorption kinetics
The results of sorption studies, carried out as a function of con-

tact time, for Cd2+ and Zn2+were presented in Fig. 4. It suggested
that the removal of Cd2+ and Zn2+ by the MNHAP adsorbents took
place in two distinct steps: a relatively quick phase (first 2 h), fol-
lowed by a slow increase until the equilibrium was reached. The

necessary time to reach the equilibrium was about 24 h. Though
there was a slight increase of adsorption quantity after 24 h, it
did not bring any remarkable effect, so a contact time of 24 h was
chosen for further experiments.

t %) Fe (At %) Cd (At %) Zn (At %)

41 15.28 0 0
62 14.67 4.80 0
03 15.44 0 6.54
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Fig. 2. EDAX spectra of the magnetic adsorbents (a) MNHA

In order to determine the rate constants, the pseudo-second-
rder kinetic model was applied to our experimental result. The
inear form of pseudo second-order model can be expressed as Eq.
1):

t

qt
= 1

kq2
+ t

qe
(1)
e

here qe and qt are the amounts of metal ions adsorbed at
quilibrium and any time t (mmol g−1), respectively, k is the
ate constant of pseudo-second-order kinetics (g mmol−1 h−1). The
econd-order rate constant k and qe can be determined from
NHAP loaded with Cd2+ and (c) MNHAP loaded with Zn2+.

the intercept and slope of the plot obtained by plotting t/qt

versus t.
Table S1 lists the results of applying pseudo second-order model

to our experiment data. A linear relationship with high corre-
lation coefficient (R2 = 0.9999 for both Cd2+ and Zn2+) between
t/qt and t was obtained which indicated the applicability of

the pseudo second-order model to describe the adsorption
process. In previous papers, the pseudo-second-order kinetic
model was found to be appropriate for describing kinetics of
metal sorption by different apatite materials, such as: Cr3+

by animal bones [35], Cd2+ by bone char [36], Pb2+ by soil
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MNHAP dosage increased. The reason for this phenomenon was
that, for a fixed initial concentration of heavy metals, the amount
Fig. 3. XRD pattern of the MNHAP.

mended with HAP [37], and uranium by low-cost rock phosphate
38].

.2.2. Sorption isotherms
In order to determine the sorption capacity of MNHAP adsor-

ents towards examined metal ions, sorption studies over a large
nitial concentration range from 10−4 to 10−2 mol L−1 were carried
ut. The maximum adsorption capacities of the MNHAP adsorbent
or heavy metals were evaluated using the adsorption isotherms.
he Langmuir adsorption isotherm was employed to describe the
dsorption behavior in the present study and the results are shown
n Fig. 5. The linear form of Langmuir isotherm equation is given by
q. (2):

1
qe

= 1
qmbCe

+ 1
qm

(2)

here qe and Ce are the equilibrium concentrations of metal ions in
he adsorbed (mol g−1) and liquid phases (mol L−1), respectively, qm

s the maximum adsorption capacity (mol g−1), and b is Langmuir
onstant which is related to the energy of adsorption (L mol−1). The
onstants b and qm can be determined from the slope and inter-
ept of the linear plot 1/qe versus 1/Ce. The results showed that
he values of correlation coefficient for the adsorption of Cd2+ and
n2+ onto MNHAP adsorbents were 0.9999 and 0.9950 respectively,
hich demonstrated the good fitting of experimental data by this
odel. The Langmuir constant for Cd2+ and Zn2+ was 2.112 × 103

nd 1.957 × 103 L mol−1 respectively, which illustrated that the
2+ 2+
NHAP had better adsorption affinity for Cd than for Zn since

he Langmuir constant was proportional to the binding energy. The
m values for the adsorption of Cd2+ and Zn2+ by the MNHAP were
.964 and 2.151 mmol g−1, respectively. Comparing with the max-

mum adsorption capacity of HAP reported by previous studies, Xu

ig. 4. Adsorption kinetic curves of heavy metals by MNHAP adsorbents at pH
.0 ± 0.1 and T = 25 ± 1 ◦C. (�) Cd2+ and (�) Zn2+. Initial concentration of heavy met-
ls: Cd2+ 2 × 10−3 mol L−1 and Zn2+ 2 × 10−3 mol L−1, MNHAP = 1 g L−1.
Fig. 5. Adsorption isotherm of heavy metals by MNHAP adsorbents at pH 5.0 ± 0.1
and T = 25 ± 1 ◦C. (�) Cd2+ and (�) Zn2+.

et al. [18] reported that the maximum adsorption capacity of HAP
for Cd2+ and Zn2+ was 0.592 and 0.568 mmol g−1

, respectively. Smi-
ciklas et al. [22] reported that the maximum adsorption capacity
of HAP for Cd2+ and Zn2+ was 0.601 and 0.574 mmol g−1

, respec-
tively, the prepared MNHAP possessed an absolute advantage with
much higher adsorption capacity which may be derived from its
larger BET specific surface area. In addition, the control experiments
were conducted in our measurements. The results showed that the
removal amount of heavy metals by the pure iron oxides was only
about 0.114 and 0.177 mmol g−1 for Cd2+ and Zn2+, respectively,
and the amount of metals adsorbed by pure apatite was 1.137 and
0.993 mmol g−1 for Cd2+ and Zn2+, respectively.

3.2.3. Effect of MNHAP amount
The relationship between MNHAP amount and the heavy metals

adsorption quantities was shown in Fig. 6. The results showed that
the amount of heavy metals adsorbed increased rapidly with the
increasing of MNHAP amount at the beginning. When the amount
of the MNHAP was 0.1 g L−1, the adsorption amount reached max-
imum followed by a decrease of the adsorption amount as the
of metal retained by gram of MNHAP increased with the amount
of MNHAP (increases the no. of sites available) before the max-

Fig. 6. The relationship between MNHAP dosage and heavy metals adsorbed on
MNHAP adsorbents, (�) Cd2+ and (�) Zn2+.
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Fig. 8. The competitive adsorption behavior of Cd2+ and Zn2+, (�) Cd2+; (�) Zn2+;
(©) Cd2+ + Zn2+. (a) Effect of the fixed total initial concentration of Cd2+ and Zn2+
ig. 7. The effect of initial pH values on the amount of the heavy metals adsorbed
n MNHAP adsorbents, grey color represents Cd2+, black color represents Zn2+.

mum (conditions of saturation), and when more MNHAP were
dded after the maximum (the retention is almost total), the same
ations were distributed on greater amount of surface and there-
ore resulted in the reduction of adsorption amount on unit mass
dsorbent. Since the adsorption capacity reached maximum at
he point of 0.1 g L−1, this dosage was chosen in the following
xperiments.

.2.4. Effect of pH
The influence of initial pH on adsorption amount was studied in

he range of 4–10. The relationship between the initial pH values
nd the quantities of heavy metals adsorbed on MNHAP adsorbents
as presented in Fig. 7 which showed that the metal ions adsorbed

ncreased as pH increased. It was noticed that when the pH value
s higher than 8, the adsorption amount increased dramatically,

hich was attributed to the fact that heavy metal ions started to
recipitate leading to the reduction of the metal ions in the aqueous
olution at higher pH value. Fig. S3 shows the XRD patterns of the
recipitation of metal complexes. It was observed that there were
wo ingredients in the cadmium complexes including Cd(OH)2 and
dCO3. Two other ingredients such as Zn(OH)2 and ZnO existed in
he precipitation of zinc complexes. Similar results were obtained
hen divalent cations were removed by hydroxyapatite in the pre-

ious literature [22]. From the data of the zeta potential (Fig. S4), we
new that the charge sign on the surface of MNHAP adsorbents was
egative in the entire examined range which provided a strong the-
retical basis for the existence of electrostatic attraction between
he MNHAP surface and the metal ions. Also we could observe that
egative charge on the MNHAP surface reduced gradually when
H value is greater than 5, while the adsorption amount increased

ittle by little. The results showed that some other sorption mech-
nism should be in existence during the adsorption process except
or electrostatic attraction. The lowering of the Ca2+ peak inten-
ity of MNHAP adsorbents after loading with Cd2+ and Zn2+ in
he EDAX spectra (see Fig. 2) indicated the participation of cer-
ain degree of interchange in the Cd2+ and Zn2+ adsorption. We
upposed that this phenomenon was due to the cationic exchange
echanism in the adsorption of Cd2+ and Zn2+on the surface of
NHAP adsorbents. To demonstrate this supposition, we carried

ut some experiments to investigate whether Ca2+ released in the

olution after the completion of adsorption process. The results
howed that the concentration of Ca2+ in the solution increased
emarkably after heavy metal adsorption compared with that one
efore heavy metal adsorption (from 0.3824 to 44.75 and 0.3835 to
1.29 mg L−1 for Cd2+ and Zn2+ solutions respectively). Therefore,
on the adsorption capacity of each metal ions; (b) the relationship between the
adsorption capacity of Cd2+ and the equilibrium concentrations of Cd2+ and Zn2+;
(c) the relationship between the adsorption capacity of Zn2+ and the equilibrium
concentrations of Cd2+ and Zn2+.

it was concluded that there was a cation exchange mechanism in
the adsorption process of Cd2+ and Zn2+.

3.2.5. Competitive adsorption behavior of Cd2+ and Zn2+

The relationship between the adsorption capacity and the ini-
tial concentration of Cd2+ and Zn2+ with the total concentration
changeless was shown in Fig. 8a. It suggested that the equilibrium

adsorption capacity of Cd2+ and Zn2+ ranged from 0.446 to 1.473
and 0.172 to 1.661 mmol g−1 in the binary component systems,
respectively, which were less than those in the single component
solutions 1.664 mmol g−1 for Cd2+ and 1.838 mmol g−1 for Zn2+. It
indicated that one type of the metal ion present interfered with the
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Table 2
Desorption of Cd2+ and Zn2+ from loaded MNHAP adsorbents.

Eluants Initial pH Finial pH Desorbed (%)

Cd2+ Zn2+ Cd2+ Zn2+
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EDTA (0.003 mol L ) 2.54 5.26 5.06 66.2 67
HCl (0.01 mol L−1) 2.96 5.40 5.31 4.6 3.9
NaOH (0.01 mol L−1) 11.79 9.28 9.82 0.2 0.6
Ca(NO3)2 (0.01 mol L−1) 5.87 6.59 6.21 27 15.4

ptake of the other in the binary component system. The adsorption
aximum of total adsorption was approximately constant. This fact

ndicates that Cd2+ and Zn2+ were adsorbed in the same sites.
The equilibrium adsorption capacity of Cd2+ or Zn2+ with the

resence of Zn2+ or Cd2+ was shown in Fig. 8b and c, respectively.
t was shown that, when both Cd2+ and Zn2+ were present in the
olution together, some reduction of the Zn2+ or Cd2+ adsorbed
ould be observed. In Fig. 8b, the equilibrium adsorption capac-
ty of Cd2+decreased from 1.607 to 0.848 mmol g−1 with the initial
oncentration of Zn2+ varying from 10−4 to 10−2 mol L−1, How-
ver, in Fig. 8c, when the initial concentration of Cd2+ varied from
0−4 to 10−2 mol L−1, the equilibrium adsorption capacity of Zn2+

ecreased from 1.662 to 0.154 mmol g−1. Comparing with the equi-
ibrium adsorption capacity in the single system, we could conclude
hat the interference of Cd2+ with the Zn2+ uptake was much more
ronounced, since a distinct reduction of the Zn2+ adsorbed was
bserved even at a relatively low Cd2+ concentration. It confirmed
hat the MNHAP adsorbents had better affinity for cadmium ion
han for zinc ion. The reason was due to the greater Langmuir
onstant of Cd2+ than that of Zn2+ in the adsorption process. Sim-
lar results were obtained by Corami et al. [39] when Cd2+ was
emoved from multi-metal (Cd + Pb + Zn + Cu) solutions by sorption
n hydroxyapatite.

.3. Desorption experiment

The results of desorption studies were shown in Table 2. The
mount of metal ions desorbed from EDTA solution was the max-
mum due to the formation of complex between EDTA and metal
ons which possesses lower sorption affinity for MNHAP adsorbents
19]. Under acid conditions only trace amounts of metal ions des-
rbed can be observed and the amount of metal ions desorbed from
lkaline solution was negligible. In addition, the amount of metal
ons desorbed in the Ca(NO3)2 solutions was 27% and 15.4% for
d2+ and Zn2+, respectively. This phenomenon may be attributed
o the reversible process of cationic exchange between the MNHAP
dsorbents surface and the solution. When the concentration of
a2+ in solution greatly exceeded that of MNHAP adsorbents, Ca2+

as favored on the surface of MNHAP adsorbents resulting in the
esorption of heavy metals which had been adsorbed on the adsor-
ents.

. Conclusions

In this study, the adsorption potential of MNHAP for the removal
f Cd2+ and Zn2+ from aqueous solutions was investigated. The
ffect of contact time, initial metal ions concentrations, pH, adsor-
ent dosage and competitive adsorption on the adsorption process
as discussed. The following conclusions were obtained from the

tudy.
1) Adsorption kinetic data were well fitted by the pseudo-second-
order model with high interrelation coefficient (R2 = 0.9999)
and adsorption isotherms were best described by the Langmuir
model. The maximum adsorption capacity of Cd2+ and Zn2+ was
1.964 and 2.151 mmol g−1 respectively. The optimal dosage of

[

[
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adsorbent was 0.1 g L−1. The adsorption amount increased with
increased pH ranging from 4 to 8.

(2) In the binary component system, the adsorption maximum of
total adsorption was approximately constant, but the MNHAP
adsorbents had better affinity for cadmium ion than for zinc
ion.

(3) The most efficient eluant used for desorption of metal ions was
EDTA with 66.2 and 67% of Cd2+ and Zn2+ released, respectively.

(4) The most prominent advantage of prepared MNHAP adsor-
bents with paramagnetism and high specific surface area
(142.5 m2 g−1) was the separation convenience from aqueous
solutions.
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