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bstract

The effect of pH, contact time, initial metal concentration and presence of common competing cations, on hydroxyapatite (HAP) sorption
roperties towards Pb2+, Cd2+, Zn2+, and Sr2+ ions was studied and compared using a batch technique. The results strongly indicated the difference
etween the sorption mechanism of Pb2+ and other investigated cations: the removal of Pb2+ was pH-independent and almost complete in the entire
H range (3–12), while the sorption of Cd2+, Zn2+ and Sr2+ generally increased with an increase of pH; the contact time required for attaining
quilibrium was 30 min for Pb2+ versus 24 h needed for other cations; maximum sorption capacity of HAP sample was found to be an order of
agnitude higher for Pb2+ (3.263 mmol/g), than for Cd2+ (0.601 mmol/g), Zn2+ (0.574 mmol/g) and Sr2+ (0.257 mmol/g); the selectivity of HAP
as found to decrease in the order Pb2+ > Cd2+ > Zn2+ > Sr2+ while a decrease of pHPZC, in respect to the value obtained in inert electrolyte, followed

he order Cd2+ > Zn2+ > Pb2+ > Sr2+; neither of investigated competing cations (Ca2+, Mg2+, Na+ and K+) influenced Pb2+ immobilization whereas
he sorption of other cations was reduced in the presence of Ca2+, in the order Sr2+ > Cd2+ ≥ Zn2+. The pseudo-second order kinetic model and
angmuir isotherm have been proposed for modeling kinetic and equilibrium data, respectively. The sorption of all examined metals was followed

y Ca2+ release from the HAP crystal lattice and pH decrease. The ion exchange and specific cation sorption mechanisms were anticipated for
d2+, Zn2+ and Sr2+, while dissolution of HAP followed by precipitation of hydroxypyromorphite (Pb10(PO4)6(OH)2) was found to be the main
perating mechanism for Pb2+ immobilization by HAP, with the contribution of specific cation sorption.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The toxicity of solid substances containing heavy metals is
losely related to their solubility. For this reason, phosphate sta-
ilization resulting in formation of highly insoluble phosphates
hich are stable over almost the entire pH range found in the
atural environment represents an efficient strategy for reduc-
ng heavy metals toxicity by decrease of their mobility and
ioavailability [1]. A large number of apatite based materials
mineral phosphates [2–5], synthetic apatite [6–10], bone meal
11,12] and bone char [13]) have been considered as matrixes
or remediation of metal contaminated water and soil. Gen-

rally, calcium-hydroxyapatite (HAP) Ca10(PO4)6(OH)2, has
emonstrated the best removal efficiency due to its moderate
olubility—between highly insoluble and highly soluble phos-

∗ Corresponding author Tel.: +381 11 2455 943; fax: +381 11 2455 943.
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isms; pHPZC

hate bearing materials such as phosphate rock and phosphate
ertilizers, respectively [14].

Reported data indicate that divalent metal sorption capac-
ties on HAP, as well as the sorption mechanisms strongly
epend on: (a) type of divalent metal, (b) HAP physico-chemical
roperties and (c) other factors, such as metal concentration,
olution pH, contact time, presence of other ionic species etc.
15,16]. In our previous work the influence of HAP proper-
ies on divalent cation retention was investigated [17,18]. HAP
owders were synthesized by neutralization method. Prepara-
ion conditions, HAP physico-chemical properties and sorption
ehavior towards heavy metal cations were correlated using the
xperimental design approach [17]. It was found that among
nvestigated parameters (temperature, reagent concentration,
eagent addition rate, mixing speed, inert atmosphere, and aging

ime) synthesis temperature has the strongest influence on HAP
tructural and sorption properties. Powders obtained at room
emperature, without aging, having small crystallite size, low
rystallinity, and high specific surface area exhibit the best

mailto:ivanat@vin.bg.ac.yu
dx.doi.org/10.1016/j.jhazmat.2007.07.056
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Nomenclature

C0 initial metal ion concentration (mmol/dm3)
Ce residual metal ion concentration at equilibrium

(mmol/dm3)
Cs HAP concentration (g/dm3)
h initial sorption rate (mmol/g min)
k1 pseudo first order sorption rate constant (min−1)
k2 pseudo second order sorption rate constant

(g/mmol min)
pHPZC the point of zero charge
K Langmuir sorption constant (kg/mmol)
q amount of metal ion sorbed (mmol/g)
qe amount of metal ion sorbed at equilibrium

(mmol/g)
qt amount of metal ion sorbed at time t (mmol/g)
R2 regression coefficient
t time of equilibration (min)
T solution temperature (◦C)
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Xm Langmuir sorption constant (mmol/g)

orption properties towards Pb2+, Cd2+, Zn2+ and Sr2+ [18]. On
larger scale, variations in HAP stoichiometry (Ca/P ratio) and
HPZC had little effect on the metal sorption.

Although the sorption of heavy metals on HAP has
een extensively studied, many questions concerning sorption
echanisms under specific experimental conditions remained

nresolved, while comparison of data is difficult because of
he differences in origin and physico-chemical properties of the
AP sorbents applied.
In order to investigate factors influencing sorption of Pb2+,

d2+, Zn2+ and Sr2+ ions, the low-crystalline HAP sample, with
igh specific area was selected. Pb2+, Cd2+ and Zn2+ ions were
hosen as typical heavy metals, with wide presence in surface
nd ground waters, soils and sediments caused by anthropogenic
ctivity. If these heavy metals occur in nature in ionic form, they
asily enter the food chain, causing various toxic effects on living
rganisms. Sorption of Sr2+ was investigated as it is a repre-
entative of alkaline earth cations, but also because Sr-90 (beta
mitter, with t1/2 = 29.1 years), the important radioactive iso-
ope in the environment behaves chemically similar to calcium
nd tends to concentrate in the bones and teeth whose princi-
al inorganic constituent is hydroxyapatite [19]. Besides having
ifferent toxicity, the selected sorbates also have different ionic
adii and hydrolysis behavior, which makes the comparison of
heir sorption mechanisms interesting.

The objectives of the present study were: (i) to investigate the
ffects of pH, contact time, initial metal concentration and pres-
nce of competing cations on the sorption of selected divalent
ations by HAP, (ii) to compare HAP sorption properties and
electivity for investigated metal cations, and (iii) to propose the

heoretical models for describing equilibrium and kinetic data.

Presented results strongly indicate the difference between
orption mechanism of Pb2+ and other investigated cations,
nder all experimental conditions, as well as that buffer proper-

•
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ies of HAP represent an important factor influencing efficacy
f immobilization of toxic metals.

. Materials and methods

.1. Starting material

HAP sample used in this study was synthesized by neutraliza-
ion of Ca(OH)2 with H3PO4, at room temperature (20 ◦C) [17].
hemical and X-ray diffraction (XRD) analyses have confirmed

hat the sample is a low-crystalline HAP with Ca/P ratio of 1.60.
pecific surface area of 67 m2/g was determined by the single
oint nitrogen adsorption method, after degassing the sample
t 250 ◦C for 2 h, using a Micrometrics ASAP 2000 instrument.
he point of zero charge (pHPZC) determined by batch technique

17] with 0.1 mol/dm3 KNO3 as an inert electrolyte was found
o be 6.2 ± 0.1.

.2. Sorption experiments

Sorption of Pb2+, Cd2+, Zn2+ and Sr2+ was studied by batch
ethod, under different experimental conditions. All metal solu-

ions were prepared from their nitrate salts (p.a. purity) and
istilled water. Generally, sorption experiments were performed
y equilibrating 0.1000 g of sorbent with 20.00 ml of metal solu-
ion (solid/liquid ratio 1:200) at room temperature (20 ± 1 ◦C).
he pH measurements were performed with a glass electrode
H meter (Inolab, WTW), using original WTW buffers (pH 4,
and 10) for the calibration of the instrument. The initial pH

alues were adjusted to 5.0 ± 0.1, unless otherwise stated, by
dding minimum amounts of HNO3 or KOH solutions, since
+ and NO3

− ions are inert in respect to HAP surface. This
articular pH was selected because HAP solubility increases
ignificantly at pH < 5, while at higher pH values hydrolysis
f heavy metal cations may occur. The final pH values were
hose measured after interaction of HAP with the solution of
nown initial pH. Due to various processes that may occur at the
olid surface/solution interface (preferential dissolution of cer-
ain constituents of crystal lattice, ionization of surface groups,
hysical adsorption of ions or formation of complex compounds
etween surface groups and ions from the solution) the final
H values differ from the initial ones. The suspensions were
quilibrated in acid washed 50 ml PVC flasks, on a horizontal
haker.

Sorption behavior of Pb2+, Cd2+, Zn2+ and Sr2+, for the same
initial concentration (2 × 10−3 mol/dm3) and equilibration
time (24 h), was studied as a function of pH. The initial pH
values were adjusted from ∼3 to ∼12, using HNO3 or KOH
solutions.
The influence of contact time on each metal sorption was ana-
lyzed from 15 min up to 2 days. Initial metal concentrations
were 2 × 10−3 mol/dm3.

Sorption isotherms were obtained for different initial metal
concentration in the range 10−4 to 10−2 mol/dm3 for Cd2+,
Zn2+ and Sr2+, and 10−4 to 5 × 10−2 mol/dm3 for Pb2+.
The contact time in all experiments was 24 h. Initial low-
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crystalline HAP and solid residues with the maximum
sorbed metal cations (obtained after equilibration of HAP
with 10−2 mol/dm3 solutions of Cd2+, Zn2+ and Sr2+, and
5 × 10−2 mol/dm3 of Pb2+ ions), were analyzed by the Philips
PW 1050 XRD with CuK�1.2 Ni-filtered radiation. The pat-
terns were registered in the 2θ range 10–100◦ with a scanning
step size of 0.02◦ and analyzed by Rietveld methodology
[20], using Fullprof software [21], in order to determine cell
parameters and crystallite size.
The effect of common competing cations (Na+, K+, Ca2+

and Mg2+) on the sorption of divalent metals was studied
for the initial competing metal concentration in the range
5 × 10−4 to 5 × 10−3 mol/dm3, using their nitrate salts. The
initial divalent metal concentration was 2 × 10−3 mol/dm3,
and equilibration time was 24 h.

Each sorption experiment was followed by filtration of the
uspension through blue-band filter paper and the final pH mea-
urement. Determination of exact concentrations of initial metal
olutions, metal concentrations after sorption, as well as the
oncentration of released Ca2+ ions in the equilibrium solu-
ion was performed either by the Perkin-Elmer Analyst 200
tomic Absorption Spectrometer (AAS) or Perkin-Elmer 6500

nductively Coupled Plasma Atomic Emission Spectrometer
ICP-AES), depending on the concentration range.

The amount of heavy metal sorbed, q (mmol/g) was calcu-
ated using the equation:

= (C0 − Ce)

Cs
(1)

. Results and discussion

.1. Effect of pH

As HAP particles exhibit pH dependent surface charge, and
he percent of various heavy metal hydrolytic species depend
n pH, this parameter significantly influences the sorption
rocesses. The pHPZC of the HAP sample determined by equi-
ibration with inert electrolyte (KNO3) was found to be 6.2
Fig. 1). Fig. 1 also demonstrates the large buffer capacity of
AP, since for initial pH in the range 4–10 final pH values were

he same and equal to pHPZC. In the lower initial pH range, the
onsumption of protons from the solution by the protonation of
egatively charged and neutral surface groups results in final pH
ncrease, while in the higher range of initial pH, OH− consump-
ion occurs due to deprotonation of positively charged surface
ites, resulting in final pH decrease.

Variation in final pH after interaction of HAP with Pb2+,
d2+, Zn2+ and Sr2+ solutions, are also plotted as a function of

he initial pH (Fig. 1).
The plateau parts of pHfinal versus pHinitial plots, correspond-

ng to the pH range where the buffering effect of HAP surface

akes place, becomes shorter in the presence of Pb2+, Cd2+, Zn2+,
hile in the case of Sr2+ plateau part is almost the same as for the

nert electrolyte. Also, the pHPZC values of HAP, calculated for
ivalent metal solutions (2 × 10−3 mol/dm3), were lower than

f
s
H
h

ig. 1. Relationships between initial and final pH values measured after inter-
ction of HAP with Pb(NO3)2 (�), Cd(NO3)2 (�), Zn(NO3)2 (�), Sr(NO3)2

�) solutions and inert electrolyte (KNO3) (�).

riginal value determined for inert electrolyte: 5.1, 5.2, 5.5 and
.8 for Cd2+, Zn2+, Pb2+ and Sr2+, respectively. This is in accor-
ance with the theory that the specific cation sorption shifts the
HPZC to lower values [22]. The decrease of pHPZC follows the
rder: Cd > Zn > Pb > Sr. This sequence matches the sequence of
AP affinity towards examined metals, except for Pb2+. Consid-

ring the amount of Pb2+ sorbed by HAP and the corresponding
HPZC value, it can be concluded that the specific sorpion has
ess contribution in the overall sorption mechanism of this cation,
n respect to others.

The influence of final pH on Pb2+ removal from the liq-
id phase was insignificant, and it was almost complete over
he entire pH range (Fig. 2a). Similar results were reported by
hen et al. for Pb sorption on North Carolina mineral apatite

2]. Using a mineral apatite, although the total amount of Pb
emoved from the solution was pH-independent, the chemical
ompositions of Pb-bearing solid products were pH-dependent.
he formation of pyromorphite-type compounds was found to
e the main mechanism of Pb removal under acidic conditions.
nder alkaline conditions solubility of apatites decreased leav-

ng less phosphate anions for Pb precipitation, therefore at higher
H values hydrocerussite (Pb3(CO3)2(OH)2) was detected. In
ur case, with a synthetic HAP, dissolution of a sorbent and pre-
ipitation of hydroxypyromorphite (HPY) Pb10(PO4)6(OH)2 is
ost likely to appear in acidic and neutral, and precipitation of
b(OH)2 in alkaline solutions.

Generally, with an increase of pH the concentration of other
etals in the liquid phase decreased, to a different extent. Cd and
n aqueous concentrations diminish rapidly with the increase
f final pH, due to both sorption of hydrolytic species and pre-
ipitation of insoluble hydroxides. Sr removal from the solution
xhibits slower increase with pH, and since it does not hydrolyze,
ore effective removal at higher pH can be explained by the

lteration of HAP surface charge. The HAP surface becomes
egatively charged at pH > pHPZC due to adsorption of OH−

rom the solution [10]. Negatively charged surface promotes the
orption of Sr2+. In the final pH range ∼5 to ∼10, the order of
AP affinity towards examined metals was: Pb > Cd > Zn > Sr,
owever, at final pH > 10 sorption of Zn becomes unfavorable.
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t

ig. 2. Equilibrium metal (a) and calcium (b) concentrations as a function of
nal pH, after interaction of Pb(NO3)2 (�), Cd(NO3)2 (�), Zn(NO3)2 (�),
r(NO3)2 (�) and KNO3 (�) solutions with HAP.

his can be explained on the basis of Zn ionic species distribution
ith pH. Formation of negatively charged Zn(OH)3

− species
egins at pH > 10, therefore repulsive forces are likely to appear
etween them and the negatively charged HAP surface.

The solubility of HAP itself decreases with the increase of
he solution pH [23], consequently the equilibrium Ca2+ con-
entrations, after interaction of HAP with inert electrolyte or
ivalent metal solutions, also decreased with final pH increase
Fig. 2b). The total amounts of released Ca2+ were higher in
ivalent metal solutions where sorption takes place, than in the
nert electrolyte, and followed the order of HAP selectivity:
b > Cd > Zn > Sr. Comparing the results presented in Fig. 2a.
nd b, it can be concluded that the amounts of divalent cations
emoved from the solution increased, whereas the amounts of
esorbed Ca2+ decreased with pH. This supports the fact that at
igher pH instead of ion-exchange and dissolution/precipitation,
epending of the type of cation, sorption of hydrolytic species,
recipitation of insoluble hydroxides or attractive electrostatic
orces become the dominant mechanisms of cation removal.
.2. Effect of contact time-kinetic modeling

The results of sorption studies, carried out as a function
f contact time, for different divalent metals are presented in

t
f
r
s

n2+—� and Sr2+—�) on HAP, with time (a) and the linear fitting of exper-
mental data using pseudo-first order (b) and pseudo second order (c) kinetic

odel.

ig. 3a. A contact time of approximately 30 min was required
or attaining the sorption equilibrium for Pb2+, thus it was
he most rapid uptake in respect to other cations. Rapid sorp-

ion in the first 6 h, followed by a slower phase was observed
or Cd2+, Zn2+ and Sr2+. For Zn2+ and Sr2+ the equilib-
ium was reached in 24 h. Though a very slow increase of
orbed Cd2+ existed after the first day of equilibration, a con-
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act time of 24 h was assumed sufficient for further experi-
ents.
In order to determine the rate constants, the two most widely

sed kinetic models in sorption processes (pseudo-first and
seudo-second order models) have been applied to experimental
ata. Generally, the reaction rate is defined as the change of reac-
ants or products per unit of time. The Lagergren pseudo-first
rder equation can be expressed as [24]:

dq

dt
= k1(qe − qt) (2)

Integrating this for the boundary conditions t = 0 to t = t and
t = 0 to qt = qt, the above equation can be rearranged for lin-
arized data plotting as:

og(qe − qt) = logqe − (k1/2.303)t (3)

A model can be applied if log(qe–qt) versus t gives a straight
ine, in which case qe and k1 can be calculated from the intercept
nd slope of the plot.

The pseudo-second order rate model, based on sorbent capac-
ty [25], can be expressed as a differential equation:

dqt

dt
= k2(qe − qt)

2 (4)

Integrating this for the same boundary conditions, the Eq. (4)
an be rearranged in the following linear form:

t

qt
= 1

k2q2
e

+ t

qe
(5)

A plot of t/qt versus t should give a straight line with a slope
f 1/qe and intercept of 1/k2q

2
e . Furthermore, the initial sorp-

ion rate h (mmol/g min), when t → 0, can also be calculated as
ollows:

= k2q
2
e (6)

Fig. 3b and c show the results of fitting the experimen-
al data using linear forms of pseudo-first and pseudo-second
rder kinetic equations. Rate constants, calculated qe values and
egression coefficients for pseudo-first and pseudo-second order
inetic models are presented in Table 1.

Calculated qe values, obtained using the Lagergren pseudo-
rst order equation, are substantially different from the

xperimental ones. According to regression coefficients and cal-
ulated values of equilibrium concentrations, the pseudo-second
rder model was more appropriate, suggesting that the rate lim-
ting step in divalent metal sorption on HAP involves valence

1
t
c
t

able 1
omparison between experimental and calculated amounts of metal sorbed at equil
oefficients (R2), for pseudo-first and pseudo-second order kinetic models

orbate qe,exp. (mmol/g) Pseudo-first order model

k1 × 103 (min−1) qe,cal (mmol/g) R2

b2+ 0.384 26.370 0.070 0.9
d2+ 0.371 1.762 0.180 0.9
n2+ 0.336 2.786 0.153 0.9
r2+ 0.177 4.997 0.065 0.7
s Materials 152 (2008) 876–884

orces through sharing or exchange of electrons between the
orbent and sorbates [25]. It should be mentioned that although
orption mechanism of Pb2+ by HAP is assumed to be different
rom the mechanism characteristic for other investigated cations,
he same kinetic model (pseudo-second-order) was successfully
pplied to all experimental data. In the literature, this model was
ound to be appropriate for describing kinetics of metal sorption
y different apatite materials: Cr3+ by animal bones [26], Cd2+

y bone char [27], Pb2+ by soil amended with HAP [28] and ura-
ium by low-cost rock phosphate [29], where Pb2+ and uranium
re sorbed via dissolution/precipitation mechanism. Therefore,
he significant correlation between experimental data and a sim-
le kinetic model, such as this one, is useful for the purpose
f comparison and qe prediction, but is unlikely to describe the
ctual sorption mechanism, especially for the systems where
arious transport and chemical phenomena take place on the
olid/liquid interface, simultaneously [30].

The amounts of metal ions sorbed at equilibrium decreased in
he order: Pb2+ > Cd2+ > Zn2+ > Sr2+ (Table 1). A significantly
igher k2 and h values calculated for Pb2+ in respect to other
ations, confirmed the difference in Pb2+ sorption mechanism,
hose driving force is rapid dissolution of HAP followed by
recipitation of less soluble HPY. The rate constants and the ini-
ial sorption rates were similar for Cd and Zn, while somewhat
igher for the sorption of Sr2+. This may be explained by con-
idering the hydrated ionic radii of cations; Sr2+ (4.12 Å), Cd2+

4.26 Å) and Zn2+ (4.30 Å). Since Sr2+ ions have the smallest
ydrated ionic radii, it is possible that with fewer and more
eakly bonded water molecules they tend to move faster to
otential adsorption surface sites.

.3. Effect of initial metal concentrations-equilibrium
odeling

Sorption studies over a large initial concentration range
10−4 to 10−2 mol/dm3 for Cd2+, Zn2+ and Sr2+, and 10−4

o 5 × 10−2 mol/dm3 for Pb2+) were performed in order to
etermine the HAP sorption capacity towards examined metal
ations. Generally, the uptake of metals increased with increas-
ng solution concentrations, however, the shape of the sorption
sotherm obtained for Pb2+ differs from the others (Fig. 4.).

For initial metal concentrations from 10−4 up to

0−2 mol/dm3, the residual concentrations of Pb2+ in the solu-
ion were nearly the same. Isotherms with similar equilibrium
oncentrations obtained from different initial metal concentra-
ions indicate a precipitation mechanism according to Echeveirra

ibrium (qe), sorption rate constants (k1 and k2) and corresponding regression

Pseudo-second order model

k2 (g/mg min) qe,cal (mmol/g) h (mmol/g min) R2

94 25.495 0.384 3.759 1.000
27 0.061 0.373 0.008 0.999
46 0.088 0.342 0.010 0.999
40 0.646 0.174 0.019 0.999
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ig. 4. The sorption isotherms of Pb2+ (�), Cd2+ (�), Zn2+ (�) and Sr2+ (�) on
AP (initial metal concentration range 10−4 to 10−2 mol/dm3 for Cd2+, Zn2+

nd Sr2+, and 10−4 to 5 × 10−2 mol/dm3 for Pb2+).

t al. [31]. Sorption isotherms of Cd2+, Zn2+ and Sr2+ are sim-
lar in shape, all showing a gradual increase of sorption with
n increase of initial metal concentration although the sorption
apacities were different. The shape of these isotherms reflects
urface adsorption or a more complex sorption mechanism [31].

The Langmuir adsorption isotherm, often used for sorption
f solutes from a liquid phase, can be expressed as:

e = XmKCe

(1 + KCe)
(7)

The above equation can be rearranged to the following linear
orm:

Ce

qe
= 1

XmK
+ Ce

Xm
(8)

The constants K and Xm can be determined from the slope
nd the intercept of the linear plot Ce/qe as a function of Ce.
he constants derived from Langmuir modeling represent the
ombined effects of all solution and surface reactions that con-
ribute to the sorption under experimental conditions, and they
re convenient for the general characterization of the sorbing
ystem and for comparing different systems. The constant K is
elated to the energy of adsorption, while the constant Xm repre-

ents the maximum sorption capacity. The Langmuir isotherm
as applied to our experimental data (Fig. 3b) and the corre-

ponding values of sorption constants, maximum capacities and
egression coefficients (R2) are summarized in Table 2.

able 2
alues of maximum sorption capacities Xm, the constants K and the regression
oefficients R2, obtained from the linear Langmuir equation, for Pb2+, Cd2+,
n2+ and Sr2+ sorption on HAP

orbate Linear form of Langmuir
isotherm

Xm (mmol/g) K (dm3/mmol) R2

b2+ Ce/qe = 0.107 + 0.306Ce 3.263 2.848 0.994
d2+ Ce/qe = 0.185 + 1.662Ce 0.601 8.969 0.996
n2+ Ce/qe = 0.323 + 1.741Ce 0.574 5.393 0.990
r2+ Ce/qe = 1.684 + 3.883Ce 0.257 2.310 0.992
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A good correlation, which was observed between experimen-
al data and the Langmuir equation (for all examined metals the
alues of R2 were >0.990), indicates that the sorption occurs on
set of sites having the same sorption energies independent of

urface coverage. The highest maximum sorption capacity was
alculated for Pb2+, followed by Cd2+, Zn2+ and Sr2+ (Table 2).
ccording to Suzuki et al. [32] HAP most selectively sorbes
etal cations with high electronegativity and ionic radii in the

ange 0.90–1.30 Å (the ionic radius of Ca2+ is 0.99 Å). Our
esults support this theory: out of investigated metal cations Pb2+

as the ionic radii in the preferred range (1.20 Å), the highest
lectronegativity (2.33) and the highest sorption capacity was
btained for this cation. Cd2+ ions also have the proper radii
0.97 Å), but lower electronegativity (1.69), which makes its
orption capacity lower. On the other hand, the remaining two
ations meet only one of the requirements: Zn2+ has the elec-
ronegativity of 1.65 (close to Cd2+) but ionic radii out of the
referred range (0.74 Å), while the Sr2+ although with suitable
onic radii (1.12 Å) exhibit significantly lower electronegativ-
ty (0.95) and was the least sorbed. Generally, the similarity
etween crystallographic radii of an exchangeable cation from
he sorbent crystal lattice and a cation from the solution is the

ost important factor influencing the ion-exchange component
f the sorption mechanism. On the other hand, a specific cation
orption mechanism is enhanced by increased electronegativity
f the cation.

During sorption, the reaction system was free of acidity con-
rol, in order to better simulate real environmental conditions,
nd to conclude what occurs with the protons at the end of metal
orption. Therefore, the initial pH of all metal solutions was
djusted to 5 and the final pH values were measured, as well as
he concentrations of Ca2+ ions in equilibrium solutions (Fig. 5).
nteraction of HAP with metal solutions caused changes in the
nal pH (Fig. 5a).

For the lowest metal concentrations, due to HAP buffer prop-
rties, the pH was increasing from the initial pH 5 to final values
hich were close to the HAP pHPZC (6.2). For higher metal con-

entrations, the final pH values were decreasing with an increase
f the amount of metals sorbed: comparing only final pH values
t the maximum amount of sorbed metals, decrease in solu-
ion pH by 0.53 units for Sr2+, 1.48 units for Zn2+ and 1.69
H units for Cd2+ was observed. These metals followed a gen-
ral trend: the greater sorption capacity, the greater final pH
ecrease. The simple ion-exchange process between Ca2+ and
e2+ ions from the solution would not cause any pH changes.

ince examined metal ions are not inert in respect to the HAP
urface, their specific sorption leads to pH decrease [22]. There-
ore, divalent cation sorption may cause: (a) the ion-exchange
ith H+ of protonated HAP surface groups, or (b) OH− sorp-

ion on positive charges produced by Me2+ adsorption on HAP
urface.

However, it should be noted that this final pH decrease is
till very small compared to other sorbents, due to good HAP

uffer property [10]. The final pH profile for Pb2+ was more
omplex. Compared to other metals, in the initial concentration
ange 10−4 to 10−2 mol/dm3, pH decreased by 1.25 units which
s a small drift considering the amount of sorbed Pb2+. This is
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Fig. 5. Variations between the amounts of sorbed Pb2+ (�), Cd2+ (�), Zn2+ (�)
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Fig. 6. XRD patterns of initial low-crystalline HAP (a), products of the reac-
tion of HAP with 10−2 mol/dm3 Cd2+ (b), Zn2+ (c), Sr2+ (d), and solid residues
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The products of HAP reaction with aqueous Pb2+ have
smaller particle size, which may be a consequence of rapid dis-
solution of original HAP and precipitation of numerous small
nuclei of HPY in solution [33].

Table 3
Unit cell parameters a and c, and crystallite size along the 0 0 2 and 3 0 0 plane,
of HAP and products of the reaction of HAP with divalent metal solutions.

Solid phase Unit cell parameters (Å) Crystallite size (Å)

a c L002 L300

HAP 9.433 (2) 6.881 (2) 390.29 150.83
Cd–HAP 9.428 (2) 6.874 (2) 351.79 146.52
Zn–HAP 9.432 (2) 6.877 (2) 355.14 151.48
nd Sr2+ (�) and final pH (a), and between the amounts of metals sorbed and
a2+ released from HAP crystal lattice (b).

nother clear indication of a different sorption mechanism. At
he maximum amount of sorbed Pb2+, the final pH decreased by
.03 units.

A linear relationship exists between the amount of metal
orbed and the amount of Ca2+ released from the HAP crystal lat-
ice (Fig. 5b). Although the Ca2+/Me2+ ratios are close to unity,
he final pH decrease which promotes HAP dissolution (i.e. Ca2+

elease), indicates the existence of other sorption mechanisms
nstead of pure ion-exchange or a dissolution–precipitation.
ccording to both kinetic and equilibrium data, it can be con-

luded that the sorption mechanism of Cd2+, Zn2+ and Sr2+

s complex involving at least: ion-exchange, adsorption and/or
urface complexation.

Contrary to that, both kinetic and equilibrium data suggest
hat the mechanism of Pb2+ sorption by HAP is quite different.
ast sorption reaction for Pb2+ (Table 1), an order of magnitude
igher quantity of sorbed Pb2+ (Table 2) and specific pH depen-
ence (Fig. 5a), strongly indicate that dissolution–precipitation
s a dominant mechanism of Pb2+ retention by HAP.

XRD-analysis of solid residues with the maximum sorbed

etal cations confirmed the differences in sorption mechanisms

Fig. 6). An XRD pattern of initial HAP material before the
orption is given in the same figure for comparison.

S
P
H

btained after equilibration of HAP with 5 × 10−2 mol/dm3 of Pb2+ ions (e);
he major HAP peaks are labeled “H”, while other peaks belong to hydroxypy-
omorphite.

According to Fig. 6, Cd2+, Zn2+ and Sr2+ exchanged pow-
ers represent monophase solid systems, isomorphous with the
riginal calcium–HAP. All of the samples belong to the hydrox-
apatite hexagonal structural type, with the space group P63/m.
n the other hand, the product obtained after interaction of HAP
ith Pb2+ solution, represents a two phase system. This sample
as dominated by HPY, with minor amounts of Pb-exchanged
AP. The calculated unit cell parameters a = b and c, as well

s crystallite size are presented in Table 3. In mixed cadmium-
zinc-, strontium- and lead-hydroxyapatite, the concentrations
f these cations in solid phase are too small to induce signifi-
ant modifications of cell parameters. A slight decrease of unit
ell parameters were observed in cadmium and zinc substituted
AP, and slight increase in the lead substituted sample. This is in

ccordance with smaller ionic radii of Cd2+ and Zn2+ and larger
onic radius of Pb2+ in respect to Ca2+. The unit cell parameters
btained for precipitated HPY are close to values of synthetic
ample (a = b = 9.877 and c = 7.427) [8].
r–HAP 9.434 (3) 6.881 (2) 362.68 156.24
b–HAP 9.438 (4) 6.884 (4) 143.05 119.65
PY 9.853 (4) 7.405 (4) 123.60 109.77
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These results are in accordance with experimental data
eported by other authors [33–36], as well as theoretical predic-
ions based on a molecular modeling [37], confirming that the

ain mechanism of Pb immobilization is dissolution of HAP
ollowed by precipitation of a new, more stable Pb-phosphate
hase belonging to the pyromorphite family.

.4. Effect of competing cations

The effects of Ca2+, Mg2+, Na+ and K+, on divalent metal
orption by HAP were studied as a function of competing
ation concentrations. As it is shown in Table 4, the selectiv-
ty of HAP towards investigated cations remains the same in the
resence of all competing cations (Pb2+ > Cd2+ > Zn2+ > Sr2+).
nder applied experimental conditions, neither of them influ-

nced Pb2+ immobilization (99.9% sorbed). Monovalent metals,
s well as Mg2+ had little effect on the removal of other cations
88.2–90.9% of Cd2+, 82.6–84.1% of Zn2+ and 39.2–43.3% of
r2+ was sorbed over the entire concentration range of Na+ and
+ and Mg2+). Finally, sorption of Cd2+, Zn2+ and Sr2+ was

educed in the presence of Ca2+. Sorption of Sr2+ was the most
ffected. With an increase of Ca2+ concentration from 5 × 10−4

o 5 × 10−3 mol/dm3, Sr2+ sorption decreased by ∼13%, while
orption of Cd2+ and Zn2+ was reduced by ∼9 and ∼8%, respec-
ively. These results confirm that HAP selectively and efficiently
emoves investigated divalent metals from the solutions of com-
eting cations, commonly present in the environment.
Previous investigations of the sorption of alkaline and earth
lkaline cations on HAP showed a combination of ion-exchange
nd specific cation sorption, with the binding affinity in the order
a2+ > Mg2+ > Na+ > K+ [38]. It would be reasonable to expect

able 4
he effect of the competing cation on the percent of Pb2+, Cd2+, Zn2+ and Sr2+

orbed by HAP

ompeting cation (mol/dm3) % of metal cation sorbed

Pb2+ Cd2+ Zn2+ Sr2+

a2+

5 × 10−4 99.9 89.2 79.1 37.6
1 × 10−3 99.9 84.7 76.3 36.3

2.5 × 10−3 99.9 82.2 73.0 29.1
5 × 10−3 99.9 80.1 71.0 24.0

g2+

5 × 10−4 99.9 88.9 82.9 40.2
1 × 10−3 99.9 88.9 83.0 39.2

2.5 × 10−3 99.9 88.7 83.1 40.0
5 × 10−3 99.9 88.2 82.6 39.9

a+

5 × 10−4 99.9 90.1 84.1 42.5
1 × 10−3 99.9 89.9 83.1 43.0

2.5 × 10−3 99.9 89.9 84.1 42.5
5 × 10−3 99.9 89.7 82.6 40.5

+

5 × 10−4 99.9 90.7 82.9 42.0
1 × 10−3 99.9 89.9 83.4 43.3

2.5 × 10−3 99.9 90.9 83.9 42.3
5 × 10−3 99.9 90.2 82.9 41.2

a
d
H
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w
i
m
i
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m
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hat these cations will affect (in the same order) the sorption
f other species that compete for the same active sites. Once
ore, the dissolution/precipitation mechanism of Pb2+ removal

y HAP was confirmed, since sorption of this cation was not
nfluenced by the presence of examined co-ions. Ca2+, as a parent
ation of HAP, exhibits more affinity for the HAP surface sites
han Mg2+, Na+ and K+, thus reducing the sorption of Cd2+,
n2+ and Sr2+. As a consequence of the lowest sorption affinity
nd the major chemical similarity with Ca2+, Sr2+ sorption was
educed the most.

. Summary

The influence of equilibration conditions on divalent Pb, Sr,
n and Cd uptake from aqueous solutions by low-crystalline
AP powder was investigated. All experimental data have con-
rmed the differences in the Pb2+ sorption mechanism in respect

o the mechanism of Cd2+, Zn2+, and Sr2+ sorption. The removal
f Pb2+ from the solution was almost complete at the entire initial
H range (3–12). Sorption of other cations generally increased
ith increase of pH. Uptake of Pb2+ was the most rapid—30 min
as required for attaining the sorption equilibrium, while for
ther cations 24 h was necessary. Kinetic data were well fit-
ed by the pseudo-second order equation. Sorption isotherms
ere well-characterized by a linear form of the Langmuir equa-

ion, from which maximum sorption capacities were calculated:
.263 mmol Pb2+/g, 0.601 mmol Cd2+/g, 0.574 mmol Zn2+/g
nd 0.257 mmol Sr2+/g. Metal uptake was followed by final pH
ecrease and linear increase of a Ca2+ aqueous concentration.
AP selectively sorbes investigated metals from the solutions
f cations commonly present in the environment (Ca2+, Mg2+,
a+ and K+). Neither of them influenced Pb2+ immobilization,
hile presence of Ca2+ slightly reduced sorption of other cations

n the order Sr2+ > Cd2+ > Zn2+. The dissolution/precipitation
echanism was found to be the dominant mechanism of Pb2+

mmobilization by HAP, while for Cd2+, Zn2+, and Sr2+ the exis-
ence of ion-exchange and specific sorption mechanisms was
onfirmed. The observed good buffer properties of HAP are
articularly important for its possible practical application (treat-
ent of acid rock drainage, acid mine drainage and wastewater

rom chemical processing).
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