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bstract

Toxic metals contamination of waters, soils and sediments can seriously affect plants, animals and human being. The bioavailability of metal
ons can be reduced trapping them in minerals with low solubilities. This study investigated the sorption of aqueous Cu and Zn onto hydroxyapatite
urfaces. Batch experiments were carried out using synthetic hydroxyapatite. The metals were applied as single or binary species, in a range
f metal concentrations ranging from 0 to 8 mmol/L at 25 ± 2 ◦C. The removal capacity of hydroxyapatite was 0.016–0.764 mmol of Cu/g and
.015–0.725 mmol of Zn/g. In the Cu–Zn binary system, competitive metal sorption occurred with reduction of the removal capacity by 13–76%

nd 10–63% for Cu and Zn, respectively, compared to the single-metal systems. The sorption of Cu and Zn was well characterized by the Langmuir
odel. Heavy metal immobilization was attributed to a two-step mechanism: first rapid surface complexation and secondly partial dissolution of

ydroxyapatite and ion exchange with Ca followed by the precipitation of a heavy metal-containing hydroxyapatite.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The contamination of water due to heavy metals arising from
ining operations, metal plating, textile industries, tannery, etc.,

s a major environmental problem [1]. The heavy metals are of
reat concern because of their extreme toxicity even at low con-
entration and the tendency to accumulate in the food chain [2].
mong the commonly encountered metals of concern copper

nd zinc are hazardous and have been included in the Prior-
ty Pollutants List by United States Environmental Protection
gency (USEPA) [3]. Copper has been reported to cause neu-

otoxicity, jaundice, and liver toxicity [4]. Moreover, continued
nhalation of copper-containing sprays is linked with an increase
n lung cancer [5]. Zinc plays an important role in essential
iological functions but, at high concentrations, causes gastroin-

estinal distress and diarrhoea [6]. Therefore, removal of copper
nd zinc from water and wastewater by an appropriate treatment
ecomes necessary.

∗ Corresponding author. Tel.: +39 06 49914836; fax:+39 06 4454729.
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Conventional methods for heavy metal removal from water
nd wastewater include oxidation, reduction, precipitation,
embrane filtration, ion exchange, electrochemical operation,

iological treatment, and adsorption. Among all the available
echnologies, adsorption onto solid substrate materials has been
sed as one of the most suitable process for the removal of
eavy metals from solutions. Several solids have been used for
he removal of heavy metals such as biomass, activated car-
ons, fishbone, zeolites, clays [2,5,7–9]. Among the mineral
mendments, phosphate minerals have obtained an increasing
ttention in the past years. Many studies have been carried out
o evaluate the effectiveness of phosphate amendments on reme-
iation of contaminated waters and soils [10–15]. The aim is to
emove metals through the formation of metal phosphates with
lower solubility and which are stable under a wide range of

nvironmental conditions.
Hydroxyapatite (HA) [Ca10(PO4)6(OH)2] is a unique inor-

anic compound because of its high removal capacity for

ivalent heavy metals ions, and synthetic HA has been used
o remove heavy metals such as Pb, Zn, Cu, Cd, Co, and
b from waters [10,16–22]. The possible reaction mechanisms
or metal immobilization include: (a) ion exchange processes

mailto:silvano.mignardi@uniroma1.it
dx.doi.org/10.1016/j.jhazmat.2006.12.003
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Fig. 1. Kinetics of copper and zinc sorption on HA (a) ([Cu2+] = 1.57 mmol/L,
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18,20,23]; (b) surface complexation [18,19,24]; (c) dissolution
f HA and precipitation of new metal phosphates [10,18], and
d) substitution of Ca in HA by other metals during recrystalliza-
ion (coprecipitation) [18,25]. However, because of the limited
nowledge on the relative contribution of each process in remov-
ng metals, it seems that the above four mechanisms could all
e involved [18]. Thus, the term sorption is used in this paper as
general term to define attachment of metals from a solution to

ts coexisting HA surfaces.
Wastewaters are multi-component systems and the compe-

ition among the heavy metals reduces the efficiency of the
mendment affecting the removal of metals from such solu-
ions [26]. However, few studies have evaluated the competitive
orption of heavy metals by synthetic HA [10,18].

The aims of this work were: (a) to investigate the retention of
u and Zn in aqueous solution by HA both in single-metal and
inary-metal systems; (b) to examine the effects of one metal on
he sorption of another by HA.

. Materials and methods

.1. Materials

The HA used in this study was commercially synthesized
y Alfa Aesar. The chemical composition was determined as:
a (38.3%), P (16.8%), Mg (0.3%), Si (0.3%), Cd (1 ppm),
u (4 ppm), Zn (5 ppm), Pb (1 ppm), Ca/P ratio 1.76 ± 0.2 and

urface area 50 m2/g determined by the BET-method (adsorp-
ion gas N2, carrier gas He, heating temperature 150 ◦C). X-ray
iffraction (XRD) analysis confirmed the mineralogical iden-
ity and the crystallinity of HA (ICDD 9-432) [27]. Scanning
lectron microscopy (SEM) analyses showed that the starting
aterial comprised of spherical-like particles and energy dis-

ersive spectroscopy (EDS) analyses showed only Ca and P.
All reagents were of analytical grade and double distilled

ater was used to prepare all solutions and suspensions. Single-
nd binary-metal aqueous solutions of Cu(II) and Zn(II) were
repared from their nitrate salts. All the experiments were run
n duplicate.

No solution pH adjustment was imposed during the exper-
ments of this study in order to mimic the conditions existing
uring the remediation of wastewater, where the pH control is
ither not applicable, or not necessary or very difficult to be
ealized. For the same reason a background electrolyte was not
pplied.

.2. Sorption procedure

Sorption experiments were carried out in batch. The HA
0.2 g) was equilibrated in high-density polyethylene beakers
Nalgene) with 200 mL of the heavy metal solutions with con-
entration ranging from 0 to 8 mmol/L. The HA suspensions and

ppropriate blanks were shaken at 300 rpm at 25 ± 2 ◦C for 24 h,
hich was considered to be necessary to attain apparent equi-

ibrium based on our preliminary kinetic experiments (Fig. 1a)
s well as according to the literature data [20,21].

b
a
t
I

Zn2+] = 1.53 mmol/L, amount of HA = 0.2 g, T = 25 ± 2 ◦C) and the amount of
orbed metals versus square root of time (b). � Cu; � Zn; � Cu(+Zn); �
n(+Cu).

The intraparticle diffusion model [28] was applied in order
o discriminate the contribution of this process in the sorption of
he metals. According to the model, a linear plot of sorbed metal
mounts versus the square root of time suggests the involvement
f intraparticle diffusion in the sorption mechanism. Moreover,
plot passing through the origin means that the diffusion is the

ate-controlling step of the process.
In the binary-metal sorption tests mixtures of Cu and Zn were

sed. In these suspensions the initial and final pH was measured
ut not adjusted [14,18,29].

.3. Analytical methods

After the reaction periods, the HA suspensions and blanks
ere filtered through 0.20 �m Nucleopore polycarbonate mem-

rane filters and the Cu, Zn, and Ca concentrations were
nalyzed by inductively coupled plasma atomic emission spec-
rometry (ICP-AES) with a Varian Vista RL CCD Simultaneous
CP-AES spectrometer. Analytical detection limits for Cu, Zn



1 ardous Materials 146 (2007) 164–170

a
e
C
c

q

w
(
s
c
e
d

t
w
p
t
d

b
a
i
E
p
c

p
m
t

3

3

t
b
a
c
b

i
E
s
w
H

a
s
o
h
n
P
O
b
a

ν

t
8

3
b

a
s
s
l
d

t
0
o
(
t
a
t
0
f
t
1
(
r
a
m
(
c
b
t
a

f

66 A. Corami et al. / Journal of Haz

nd Ca were 0.3, 0.6 and 0.3 �mol/L, respectively. Analytical
rrors were estimated to be of the order of 3%. The amount of
u and Zn removed from the solutions per gram of HA was
alculated using the equation:

= (C0 − Ce) × V/M (1)

here q is the amount of contaminant removed from solution
mmol/g), C0 denotes the concentration of the heavy metal in the
olution before mixing with HA (mmol/L), Ce is the equilibrium
oncentration of the contaminant left in the solution after the
xperiment (mmol/L), V is the volume of the solution and M
enotes the mass of HA.

Selected solid residues were examined with an X-ray diffrac-
ometer Seifert MZ IV using Cu-� at 35 kV and 20 mA. Scans
ere made from 5 to 60◦ with a rate of 2 s/0.05◦ 2θ. The solid
hases were also examined with a Zeiss MD 940 scanning elec-
ron microscope operating at 25 kV equipped with X-ray energy
ispersive spectroscopy (EDS).

FTIR analyses were executed in selected solid samples after
eing dispersed in KBr excess (sample/KBr ratio about 1/100)
t ambient temperature using the DRIFT (diffuse reflectance
nfrared Fourier transform) technique with an Interferometer
quinox 55 Bruker having the sample compartment carefully
urged. Spectra were taken at a resolution of 1 cm−1 or better,
umulating at least 200 scans.

The initial and final pH was measured using a pH 510 Eutec
H-meter at different initial metal concentrations to obtain infor-
ation about the change in hydrogen ion concentration during

he metal sorption.

. Results and discussion

.1. Solid examinations

The XRD results did not detect new crystalline phases, nei-
her a significant broadening in the XRD diffraction peaks has
een observed. However, as XRD cannot normally detect phases
t concentration lower than 1% of the sample matrix, the pre-
ipitation of a new crystalline phase cannot be excluded on the
asis of the measurements.

SEM analysis did not show any morphological differences
n the solid residues with respect to the starting HA. Detailed
DS analysis was unable to identify new solid phases on the
urface of HA grains, whereas uniform coverage of Cu and Zn
as detected. The solid residues show white zones spread on the
A grains, corresponding to the sorbed heavy metals [30].
Fig. 2 shows the infrared spectra of HA before and after inter-

ction with Cu and Zn in the 4000–400 cm−1 region. FTIR
pectra of the solid residues are comparable to those of the
riginal HA, suggesting no other phases formed during the
eavy metal sorption. The bands ν3 near 1027 cm−1 and ν4
ear 575 cm−1 represent the vibration mode of the tetrahedral

O4

3− [31]. The band at 3566 cm−1 confirmed the presence of
H− groups [19,32]. The adsorption band at 2916 cm−1 could
e due to a stretching mode of the P O H group [33]. The band
t 1984 cm−1 corresponds to overtones and combinations (2ν3,

L
d
d
u

Fig. 2. FTIR spectra before and after copper and zinc sorption on HA.

3 + ν1, 2ν1) [34]. The band at 1635 cm−1 could be assigned
o water [35]. The ν2 and ν3 peaks of CO3

2− are located near
75 cm−1 and near 1400 cm−1 [19].

.2. Sorption of Cu and Zn in single-metal and
inary-metal systems

The sorption kinetics (Fig. 1a) is characterized by two stages:
first step of rapid metal immobilization followed by a slower

tep before the equilibrium was reached. Fig. 1b shows for both
ingle- and binary-metal systems for the metals two straight
ines with almost different slopes, indicating that intraparticle
iffusion was involved in the overall sorption process.

In single-metal tests Cu sorption was slightly higher than
hat of Zn. The amount of sorbed metals ranged from
.016 (C0 = 0.157 mmol/L) to 0.764 mmol (C0 = 7.85 mmol/L)
f Cu and from 0.015 (C0 = 0.153 mmol/L) to 0.725 mmol
C0 = 7.65 mmol/L) of Zn per gram of HA. In the Cu–Zn sys-
em, competitive sorption between the aqueous heavy metals
ffected retention of metals by HA. Cu sorption was lower
han that of Zn, with values of sorbed metal ranging from
.008 to 0.217 mmol for Cu and from 0.006 to 0.546 mmol
or Zn per gram of HA. The competitive effects between
he two metals has reduced the amount of sorbed metals by
3% (C0 = 0.0314 mmol/L)–76% (C0 = 0.157 mmol/L) and 10%
C0 = 0.459 mmol/L)–63% (Co = 0.153 mmol/L) for Cu and Zn,
espectively, compared to the single-metal systems. In this view,
ccording to Chen et al. [36], in single-metal sorption the heavy
etals could be retained by HA with only internal competition

competition between ions of the same metal) and they were in
ompetition with H+ for adsorption sites. On the contrary, in the
inary-metal sorption there was internal competition, competi-
ion with H+ and competition among each other for precipitation
nd for adsorption sites.

The metal sorption produced a pH decrease from 6.58 to 5.27
or Cu and from 6.67 to 5.35 for Zn.

Heavy metal sorption by HA has been analyzed using the

angmuir model, probably the most popular isotherm model
ue to its simplicity and its good agreement with experimental
ata. The model is based on the assumption that a monomolec-
lar layer is formed on a surface containing a finite number of



A. Corami et al. / Journal of Hazardou

F
(

b
e

C

w
(
(
r
r
s
d
T
i

t
s

t
s
t
C
a
a

s

R

T

R

R
R
0
R

T
g
Z

s
s
t
s
t
m
a
r

i
s

v
a
m
v
c
R
s

3

T
L

C
Z

ig. 3. Langmuir sorption isotherms of copper and zinc in (a) single-metal and
b) binary-metal systems. Symbols as in Fig. 1.

inding sites of uniform energies of adsorption. The Langmuir
quilibrium equation is:

e/qe = Ce/qm + 1/bqm (2)

here Ce is the equilibrium aqueous metal ions concentration
mmol/L), qe the amount of Cu or Zn sorbed per gram of HA
mmol/g), qm (mmol/g) and b (L/mmol) the Langmuir constants
elated to the maximum sorption capacity and energy of sorption,
espectively. The linearity of the plots Ce/qe versus Ce (Fig. 3)
howed that Langmuir model adequately described the sorption
ata for the metal ions in single- as well as in binary-systems.
he values of qm and b were determined from the slopes and
ntercepts of the plots (Table 1).
Sorption parameters for HA showed variability between the

wo metals. However, the values of qm and b were higher in
ingle-metal than in competitive sorption in agreement with

i
s
s
T

able 1
angmuir parameters for the sorption of Cu and Zn in single- and binary-metal syste

Single-metal B

qm (mmol/g) b (L/mmol) R2 RL q

u 1.51 5.06 0.976 0.18 0
n 1.17 3.81 0.984 0.21 0
s Materials 146 (2007) 164–170 167

he results of previous studies [2,14]. The experimental data
howed that HA retained more Cu than Zn in single-metal sys-
em whereas in binary-metal system Zn is more removed than
u. In binary-metal sorption, competition between the two met-
ls produced a reduction of the qm values by about 75% for Cu
nd 26% for Zn, compared to the single-metal system.

The main characteristics of Langmuir isotherm is its dimen-
ionless constant separation factor RL defined by

L + 1/(1 + bC0)

he value of RL indicates the shape of the isotherm as follows

L value Type of isotherm

L > 1 Unfavourable

L = 1 Linear
< RL < 1 Favourable

L = 0 Irreversible

he values of RL (Table 1) were found to be less than one and
reater than zero indicating the favourable sorption of Cu and
n on HA in both single- and binary-metal systems [37].

The competitive effects between Cu and Zn in the binary-
ystem could be represented by the ratio of the maximum
orption capacity for the metal in the binary-metal system (qmix)
o the maximum sorption capacity for the same metal in the
ingle-metal system (qm). When the value of the ratio is greater
han one, the sorption is promoted by the presence of the other

etals; when qmix/qm = 1 no competitive effects are observ-
ble; when the value of the ratio is less than one, the sorption is
educed by the presence of other metal ions.

Our values of the ratio (Table 1) were less than one, confirm-
ng the effects of the competitive sorption in the binary-metal
ystem.

The experimental qm values are different from those of pre-
ious studies [18,20,38] suggesting HA sorption capacity varies
ccording to the conditions of sample preparation. However, nor-
alizing our data in respect to BET surface area of our HA, the

alues, ranging from 7.6 �mol/m2 to 2.3 × 10−2 mmol/m2, are
loser to those of the above studies. Therefore, according to Da
ocha et al. [39], the maximum sorption capacity per specific

urface area could be almost a constant value for any HA.

.3. Sorption mechanisms

The sorption patterns (Fig. 1a) are similar to those observed

n previous studies [13,20,39]. According to these authors, the
orption process can be divided in two steps. The first repre-
ents a rapid complexation on specific sites of the HA surface.
he second step is attributed either to a metal diffusion into

ms on HA

inary-metal

m (mmol/g) b (L/mmol) R2 RL qmix/qm

.38 2.13 0.972 0.29 0.25

.87 3.03 0.968 0.24 0.75
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ig. 4. Final solution pH as a function of solution metal disappearance. Symbols
s in Fig. 1.

he HA structure or to a heavy metal-containing hydroxyapatite
ormation.

Information about the sorption mechanisms have been
nferred by the values of molar ratios (Qs) of cations bound
y HA to Ca desorbed from HA, the pH decrease, the relation
etween metal uptake and Ca2+ release, as well as the results of
RD and FTIR analysis. When Qs = 1, the amounts of sorbed

nd released cations are equal, indicating the possibility of ion
xchange of cations between the HA and the solution. When
s > 1, the quantity of sorbed metal ions is larger than that of

he released ones, which suggests surface complexation was the
ain sorption mechanism. When Qs < 1, dissolution of HA and

recipitation of new phosphate phase with lower cation to phos-
hate molar ratio occurs. Generally, our Qs values were greater
han one; however, some values are close to one. These results are
ompatible with both surface complexation and ion exchange.

Metal uptake produced a decrease of solution pH (Fig. 4).
imilar pH decrease was observed in previous studies [14,40]
nd attributed to the release of H+ ions by HA surface groups
uring the metal sorption.

In agreement with the results of previous studies [14,18,41]
hen aqueous Cu and Zn were mixed with HA, surface complex-

tion of the heavy metals occurred on the HA surface displacing
artially the H+ ions, resulting in pH reduction and calcium
elease (Fig. 5). With Cu (or Zn) in solution, the following
eaction may occur:

A–OH + Cu2+ = HA–O–Cu+ + H+ (3)

herefore, the observed pH decrease further suggests that sur-
ace complexation contributed, to some extent, to the overall
orption process.

The identical X-ray diffraction patterns and FTIR spectra,
s well as the unchanged morphology of the solid particles,
bserved in our SEM-EDS analysis support the contribution of

urface complexation to the metal sorption.

During the second step of the sorption process, after the sur-
ace complexation was completed, the intraparticle diffusion
rocess occurred as suggested by the linear part of the plot in

[
i
t
w

ig. 5. Relation between metal disappearance and total Ca concentrations in the
nal solution. Symbols as in Fig. 1.

ig. 1b for contact times 24–48 h. However, as the plot does
ot pass through the origin, the diffusion process was not the
ate-controlling step.

Fig. 5 shows that solution Ca increased with increasing metal
isappearance. The greatest increase was found for Cu sorption.
orrelation between the amounts of Ca desorbed in single-metal

ystems and the amounts of Cu and Zn removed by HA was
pparently linear and correlation coefficients for both Cu and
n were greater than 0.98. For binary-metal sorption, a posi-

ive linear correlation between the amount of Ca released and
he amount of metal sorbed was still observed. Nevertheless,
he correlation coefficients were lower than those in single-

etal sorption due to competitive complexation [36]. The linear
elationship between Ca and sorbed Cu and Zn appears to be
onsistent with the ion exchange mechanism between the met-
ls and Ca. The ion exchange mechanism could be described by
he following general reaction:

A–Ca2+ + Me2+ = HA–Me2+ + Ca2+ (4)

owever, slopes for Cu and Zn in single-metal systems were
.70 and 0.64, respectively, and 0.27 and 0.25 in binary-metal
ystems, suggesting a non-equimolar exchange of metals and
alcium. The less amounts of desorbed Ca in the single-metal
ystems compared to the binary systems at the corresponding
0, suggest the heavy metal-containing superficial layer limited

he HA dissolution as the layer isolated almost the whole surface
f the grains [42]. Whereas, in the binary systems the compet-
tive sorption reduced the amounts of sorbed metals resulting a
ess extent of the superficial layer which allowed a larger HA
issolution causing more Ca in solution. The contribution of the
on exchange process to the metal immobilization is difficult
o determine as part of Ca is due to HA dissolution produced
y the decrease in pH. The substitution of Ca by other cations
n HA crystal structure is a result of the ion exchange process

43]. In this view, according to the results of previous stud-
es [13,44], the proposed mechanism for the second step of
he overall sorption process involves either the ion exchange
ith Ca2+ and the partial dissolution of HA followed by the
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recipitation of a heavy metal-containing hydroxyapatite with
ormula MexCa10–x(PO4)6(OH)2.

The results obtained in our study suggest that the final product
f the overall sorption of Cu and Zn sorption would be a heavy
etal-containing hydroxyapatite.

. Conclusions

Hydroxyapatite is able to substantially remove Cu and Zn
rom aqueous solutions. The removal efficiency ranged from
7.3 to 98.6% and from 94.2 to 97.7% of Cu and Zn, respectively.
inary-metal addition induced competitive sorption among the
etals with reduction of the removal capacity by 13–76% and

0–63% for Cu and Zn, respectively, compared to the single-
etal sorption. The Cu and Zn immobilization mechanism was

hrough a two-step process: the first step is the surface com-
lexation on specific sites of HA surface; the second step is
ither a ion exchange with Ca2+ and the precipitation of a heavy
etal-containing hydroxyapatite. The reduced efficiency of HA

n binary-systems should be carefully considered for practical
nvironmental applications processing wastewater containing
eavy metals.

cknowledgements

This study corresponds partly to the PhD research of A.
orami. Financial support was in part received by CNR-

GG-Roman Branch. FTIR analyses were carried out in the
aboratories of the C.N.R. – Institute of Geosciences and Geore-
ources – Roman Branch at the Department of Earth Sciences,
niversity of Rome “La Sapienza”. The authors thank T. Cop-
ola, S. Nunziante-Cesaro and S. Stellino for their laboratory
ssistance, and L. Conforto for her kind help. Thanks are also
xtended to Jerry Bingham, School of Natural Resources, Ohio
tate University, Cincinnati (USA) for his help in BET mea-
urements. The manuscript was improved by the constructive
omments of two anonymous reviewers.

eferences

[1] E.S. Bailey, T.J. Olin, R.M. Bricka, D.D. Adrian, A review of potentially
low-cost sorbents for heavy metals, Water Res. 33 (1999) 2469–2479.

[2] D. Mohan, K.P. Singh, Single- and multi-component adsorption of cad-
mium and zinc using activated carbon derived from bagasse-an agricultural
waste, Water Res. 36 (2002) 2304–2318.

[3] R.L. Ramos, L.A.B. Jacome, J.M. Barron, L.F. Rubio, R.M.G. Coronado,
Adsorption of zinc(II) from an aqueous solution onto activated carbon, J.
Hazard. Mater. B 90 (2002) 27–38.

[4] S.J. Banum, Introduction to organic and biological chemistry, third ed.,
Macmillan, New York, NY, 1982.

[5] B. Yu, Y. Zhang, A. Shukla, S.S. Shukla, K.L. Dorris, The removal of heavy
metal from aqueous solutions by sawdust adsorption-removal of copper, J.
Hazard. Mater. B 80 (2000) 33–42.

[6] A.K. Meena, G.K. Mishra, P.K. Rai, C. Rajagopal, P.N. Nagar, Removal

of heavy metal ions from aqueous solutions using carbon aerogel as an
adsorbent, J. Hazard. Mater. B 122 (2005) 161–170.

[7] Y. Sag, T. Kutsal, Determination of biosorption heats of heavy metal ions
on Zoogloea ramigera and Rhizopus arrhizus, Biochem. Eng. J. 6 (2000)
145–151.

[

s Materials 146 (2007) 164–170 169

[8] C. Cooper, J.Q. Jiang, S. Ouki, Preliminary evaluation of polymeric Fe-
and Al-modified clays as adsorbents for heavy metal removal in water
treatment, J. Chem. Technol. Biotechnol. 77 (2002) 546–551.

[9] M. Ozawa, K. Satake, R. Suzuki, Removal of aqueous chromium by fish-
bone waste originated hydroxyapatite, J. Mater. Sci. 22 (2003) 513–514.

10] Q.Y. Ma, T.J. Logan, S.J. Traina, J.A. Ryan, Effects of aqueous Al, Cd, Cu,
Fe(II), Ni, and Zn on Pb immobilization by hydroxyapatite, Environ. Sci.
Technol. 28 (1994) 1219–1228.

11] Q.Y. Ma, T.J. Logan, S.J. Traina, Lead immobilization from aqueous solu-
tions and contaminated soils using phosphate rocks, Environ. Sci. Technol.
29 (1995) 1118–1126.

12] J. Cotter-Howells, S. Caporn, Remediation of contaminated land by for-
mation of heavy metal phosphates, Appl. Geochem. 11 (1996) 335–342.

13] A. Aklil, M. Mouflih, S. Sebti, Removal of heavy metal ions from water
by using calcined phosphate as a new adsorbent, J. Hazard. Mater. A 112
(2004) 183–190.

14] X. Cao, L.Q. Ma, D.R. Rhue, C.S. Appel, Mechanisms of lead, copper, and
zinc retention by phosphate rock, Environ. Pollut. 131 (2004) 435–444.

15] S. Saxena, S.F. D’Souza, Heavy metal pollution abatement using rock
phosphate mineral, Environ. Int. 32 (2006) 199–202.

16] T. Suzuki, T. Hatsushika, Y. Hayakawa, Synthetic hydroxyapatites
employed as inorganic cation exchangers, J. Chem. Soc., Faraday Trans.
77 (1) (1981) 1059–1062.

17] Y. Takeuchi, H. Arai, Removal of coexisting Pb2+, Cu2+ and Cd2+ ions from
water by addition of hydroxyapatite powder, 3. pH and sample conditioning
effects, J. Chem. Eng. Jpn. 23 (1990) 75–80.

18] Y. Xu, F.W. Schwartz, S.J. Traina, Sorption of Zn2+ and Cd2+ on hydrox-
yapatite surfaces, Environ. Sci. Technol. 28 (1994) 1472–1480.

19] A.G. Leyva, J. Marrero, P. Smichowski, D. Cicerone, Sorption of antimony
onto hydroxyapatite, Environ. Sci. Technol. 35 (2001) 3669–3675.
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