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bstract

We have prepared hydroxyapatite/polyurehthane (HAp/PU) composite foams with two different HAp contents of 20 and 50 wt.% and investigated
heir removal capability of Pb2+ ions from aqueous solutions with various initial Pb2+ ion concentrations and pH values of 2–6. HAp/PU composite
oams synthesized exhibited well-developed open pore structures which provide paths for the aqueous solution and adsorption sites for Pb2+ ions.

ith increasing the HAp content in the composites, the removal capability of Pb2+ ions by the composite foams increases owing to the higher
dsorption capacity, whereas the removal rate is slower due to the less uniform dispersity of HAp in composite foams. The removal rate of Pb2+

ons is also slower with increasing the initial Pb2+ ion concentration in aqueous solutions. The removal mechanism of Pb2+ ion by the composites is
aried, depending on the pH value of aqueous solution: the dissolution of HAp and precipitation of hydroypyromorphite is dominant at lower pH
–3, the adsorption of Pb2+ ions on the HAp/PU composite surface and ion exchange reaction between Ca2+ of HAp and Pb2+ in aqueous solution

s dominant at higher pH 5–6, and two removal mechanisms compete at pH 4. The equilibrium removal process of Pb2+ ions by the HAp/PU
omposite foam at pH 5 was described well with the Langmuir isotherm model, resulting in the maximum adsorption capacity of 150 mg/g for the
omposite foam with 50 wt.% HAp content.

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

Heavy metal ions exist in wastewater of many industries such
s metal plating facilities, mining operations, agricultural activ-
ties, etc. The presence of toxic heavy metal ions in industrials
astewater has generated considerable concern in recent years.
mong the toxic heavy metal ions which present potential dan-
er to human health are copper, lead, cadmium, and mercury.
hese heavy metals are not biodegradable and tend to accumu-

ate in living organisms, causing various diseases and disorders.

herefore, the removal of hazardous heavy metals in wastewater
as received much attention in recent years. Traditional methods
f removal are chemical precipitation, ion exchange, filtration,
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lectrochemical treatment, and reverse osmosis. In the last few
ears, adsorption has been showed to be an alternative method
or removing dissolved metal ions from wastewater. Great efforts
ave been contributed to develop new adsorbents such as hydrox-
apatite, activated carbons, biomass, silica gels, zeolites, clays,
arbonaceous, and synthetic polymers [1–6]. The most widely
tudied adsorbent is activated carbon, while the application of
ther adsorbent materials for metal ion removal is now receiving
onsiderable attention.

Hydroxyapatite [Ca10(PO4)6(OH)2, HAp], a major inorganic
onstituent of bone, teeth, and natural source of phosphate, has
high removal capacity for divalent heavy metal ions [7,8].

mmobilization of lead (Pb2+) ions on synthetic or natural HAp

s becoming a promising way for remediation of wastewater and
oil. Such ability of HAp has stimulated intensively research to
nderstand the mechanisms involved in removal of Pb2+ ions in
queous solution by synthetic apatite and to evaluate the envi-
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dx.doi.org/10.1016/j.jhazmat.2007.08.003
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onmental application of this material [9–13]. HAp is usually
btained in powder or calcined pellets form. To improve its appli-
ability for the purification of wastewater, there is a necessity to
mmobilize HAp powders or pellets into certain forms.

Making composite materials composed of polymers and
dsorbents is an emerging method. Alhakawati and Banks have
pplied the hydrophilic urethane, Hypol 2002 (Dow Chemi-
al Co., Ltd. UK branch), to synthesize composites with the
bsorbent of Ascophyllum nodosum, and claimed their poten-
ial use in the removal of copper from aqueous solution [14].
olyurethane (PU) foams with other adsorbents such as activated
arbon, zeolite, and pillared clay have been also synthesized
nd their adsorption characteristics have been investigated [15].
espite the wide application of PU foams as an immobilization
atrix, there have been no reports on the immobilization of HAp

nto PU foams and their adsorption behaviors of heavy metals
rom aqueous solution.

In this study, we prepare HAp/PU composite foams with two
ifferent HAp contents and investigate their removal capability
f Pb2+ from aqueous solutions with various initial Pb2+ ion
oncentrations and pH values of 2–6. The effects of initial Pb2+

on concentration and HAp content on the removal capability
f the composite foams are investigated based on the pseudo-
econd order kinetic model. Removal mechanism of Pb2+ ions
y the composite foams in the aqueous solutions with different
H 2–6 is discussed. Finally, equilibrium removal performance
f HAp/PU composite foams is analyzed by using Langmuir
dsorption isotherm model.

. Experimental

.1. Preparation of HAp/PU composite foams

HAp/PU composite foams were synthesized by using Hypol
000, HAp, and deionized water. Hypol 3000 (Dow Chemi-
al Co., Ltd.) is a PU prepolymer with urethane groups in the
ain chain and isocyanate groups at their chain ends. HAp

Ca10(PO4)6(OH)2] powder was supplied by SamJo Industry
o., Ltd. (Korea). HAp was immobilized into polyurethane foam
sing the technique reported in the literature [14]. Typically,
ypol 3000 prepolymer (8 g) and HAp (4 or 8 g) were mixed

n a container to make composites with two different HAp con-
ents of 20 and 50 wt.%. Subsequently, the deionized water of
g was added. The weight ratio of Hypol to water, a crucial

actor influencing the final morphology of PU composite foams,
as chosen to be 1. The mixtures were then stirred vigorously

or 30 s until homogeneity was achieved. After forming the sta-
le foam structures, HAp/PU composite foams were allowed
o cure and dry at 80 ◦C for 24 h in vacuum oven. The foaming
nd curing reactions during manufacturing HAp/PU composites
re well known in the literature [16]. HAp/PU composite foams
ere then cut into uniform size of 2–3 mm.
.2. Removal of Pb2+ ions by HAp/PU composite foams

Removal performance of Pb2+ ions by HAp/PU composite
oams was investigated by monitoring the change of Pb2+ ion

w
w
p
p
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oncentration in the aqueous solution. In order to determine
bsorption isotherms, HAp/PU composite foam of 0.5 g was put
nto the aqueous solution of 500 ml with various initial Pb2+ ion
oncentrations and pH values. The initial concentration of Pb2+

ons in the aqueous solution was controlled to be 44–184 mg/l by
iluting the Pb2+ 1000 mg/l standard solution (Kanto Chemical
o., Ltd.) with deionized water. The pH value was adjusted to be

rom 2 to 6 by adding 0.1 M NaOH solution. All the experiments
ere carried out at a room temperature and an agitation speed
f 300 rpm for 48 h.

The change of Pb2+ ion concentration in the aqueous solution
as measured by using an atomic adsorption spectrophotometer

AAS, SHIMADZU AA-6701F). Before the measurement, a
inear calibration curve between the Pb2+ ion concentration and
he absorption intensity was obtained for quantitative analysis.

The morphological and compositional analyses of HAp/PU
omposite foams were carried out from selected samples
sing a scanning electron microscope (SEM, JEOL JSM-6380)
quipped with an energy dispersive X-ray spectrometer (EDS).

. Results and discussion

.1. Morphology of HAp/PU composite foams

The SEM images of HAp/PU composite foams with differ-
nt HAp content of 20 and 50 wt.% are shown in Fig. 1. Both
omposite foams synthesized exhibited well-developed open
ore structures, independent of HAp content (left-side images of
ig. 1). These open pore structures are expected to provide the
nhanced accessibility of Pb2+ ions in aqueous solutions to HAp
mmobilized in the composites. The right-side SEM images of
ig. 1 also reveal that HAp particles in the composite foam with
0 wt.% HAp content are more uniformly dispersed in smaller
izes, compared with the composite with 50 wt.% HAp.

.2. Effect of HAp content in composite foams

The content of HAp in HAp/PU composite foams is one of
mportant parameters for affecting the removal amount of Pb2+

ons in aqueous solutions. For the composite foams with 20 and
0 wt.% HAp contents, the removal performance of Pb2+ ions
rom the aqueous solution with the initial Pb2+ concentration of
84 mg/l at pH 5 was investigated. The time-dependent amount
qt in mg/g) of Pb2+ ions removed by the composite foam was
alculated using following expression:

t = (C0 − C)V

B
(1)

here C0 is the initial Pb2+ ion concentration (mg/l), C the resid-
al Pb2+ ion concentration (mg/l), V the volume of the solution
l), and B is the weight of the HAp/PU composite foam (g). The
ltimate amount of Pb2+ ions removed by the composite foam

ith 50 wt.% HAp content is much higher than that of the one
ith 20 wt.% HAp, as can be seen in Fig. 2. It is because the com-
osite with higher HAp content provides the larger adsorption
ores for Pb2+ ions from aqueous solutions.
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Fig. 1. SEM images of HAp/PU composite foams

The removal kinetics of Pb2+ ions by the composite foams
as also analyzed based on the pseudo-second order kinetic
odel, which is expressed as [17–19]:

t

qt

= 1

kq2
e

+ t

qe
(2)
here t is the contact time (h), qt and qe the amounts of Pb2+

emoved at an arbitrary time t and at equilibrium (mg/g), respec-
ively, and k is the rate constant (g/mg h). Plots of t/qt versus t
or the removal kinetics of Pb2+ ions by the composite foams

ig. 2. The time-dependent amount (qt) of Pb2+ ions removed by the HAp/PU
omposite foams with different HAp content in aqueous solution with initial
b2+ ion concentration of 184 mg/l at pH 5.

H
w
e
f

F
f

different HAp content: (A) 20 wt.%; (B) 50 wt.%.

re shown in Fig. 3. As results, the qe values for the composites
ith 20 and 50 wt.% HAp contents are estimated to be 94.6 and
70.2 mg/g, respectively, and the k values are 2.97 × 10−3 and
.4 × 10−4 g/mg h. It indicates that the removal rate of the com-
osite containing 20 wt.% HAp is somewhat faster than that of
he composite with 50 wt.% HAp. This result is expected to be
rom the fact that HAp particles in the composite with 20 wt.%

Ap are more uniformly dispersed than those in the composite
ith 50 wt.% HAp and that Pb2+ ions in aqueous solution are

asily accessible to the smaller HAp particles in the composite
oam with 20 wt.% HAp.

ig. 3. The removal kinetics analysis of Pb2+ ions by the HAp/PU composite
oams with different HAp content.
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was quite similar (∼140 ± 10 mg/g), independent of pH value
of aqueous solution, except for pH 4.

Two dominant mechanisms for the ability of HAp to take up
divalent cations have been proposed [9–11,13]. The first mech-
ig. 4. The time-dependent amount (qt) of Pb2+ ions removed by the HAp
50 wt.%)/PU composite foam in aqueous solutions with various initial Pb2+ ion
oncentrations of 44–184 mg/l at pH 5.

.3. Effect of initial Pb2+ ion concentration

The effect of the initial Pb2+ ion concentration (44, 88, 122,
nd 184 mg/l) on the removal performance of the composite
oam with 50 wt.% HAp content was investigated. The pH value
f the aqueous solutions was controlled to be 5. The ultimate
mount of Pb2+ ions removed by the composite foam increased
ith increasing the initial concentration of Pb2+ ions in aqueous

olution from 44 to 184 mg/l, as can be seen in Fig. 4.
The removal efficiency of Pb2+ ion by the HAp/PU com-

osite foams in the aqueous solutions with various Pb2+ ion
oncentrations is calculated based on following equation:

emoval efficiency (%) = C0 − C

C0
× 100 (3)

s shown in Fig. 5, the ultimate removal efficiency of the
omposite foam in aqueous solutions with initial Pb2+ ion con-
entrations of 44, 88, and 122 mg/l was close to 100%, while
hat at the initial Pb2+ ion concentration of 184 mg/l was approx-
mately 77.8%. Therefore, it is expected from the above results
hat the maximum removal amount of Pb2+ ions by the compos-
te foam with 50 wt.% HAp content is between 122 and 184 mg/l.
his is consistent with the above result that the estimated equilib-

ium removal amount (qe) of the composite with 50 wt.% HAp
ontent is 170.2 mg/g.

According to the pseudo-second order kinetic model of Eq.
2), the k values for the initial Pb2+ concentrations of 44, 88, 122,
nd 184 mg/l were calculated to be 4.88 × 10−3, 1.68 × 10−3,
.47 × 10−3, and 0.64 × 10−3 g/mg h, respectively. It demon-
trates that the removal rate of the composite containing 50 wt.%
Ap is slower with increasing the initial Pb2+ ion concentra-
ion in the aqueous solution. This result reveals that the kinetic
onstant decreases with increasing the initial concentration of
he systems, which is consistent with the result reported in the
iterature [5].

F
H
c

ig. 5. The time-dependent removal efficiency of Pb2+ ion by the HAp
50 wt.%)/PU composite foam in aqueous solutions with various initial Pb2+

on concentrations of 44–184 mg/l at pH 5.

.4. Effect of pH in aqueous solution

The pH value in the aqueous solution on the removal capac-
ty of Pb2+ ion by HAp/PU composite foams is an important
arameter to be considered. Removal experiments at various pH
alues of 2–6 were conducted for the HAp/PU composite foam
ith 50 wt.% HAp content in aqueous solution with the initial
b2+ ion concentration of 200 mg/l. The amount (qt=48 h) of Pb2+

ons removed by the composite foam after 48 h contact time was
easured and compared, as can be seen in Fig. 6. The amount

f Pb2+ ions removed by the composite foam with 50 wt.% HAp
ig. 6. The effect of pH on the amount (qt=48 h) of Pb2+ ions removed by the
Ap (50 wt.%)/PU composite foam in aqueous solution with the initial Pb2+ ion

oncentration of 200 mg/l after 48 h contact time.
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Fig. 7. SEM images of HAp (50 wt.%)/PU composite foams experimented at various pH values: (A) pH 2; (B) pH 3; (C) pH 4; (D) pH 5; (E) pH 6.
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nism is the adsorption of Pb2+ ions on the HAp surfaces and
ollowing ion exchange reaction between Pb2+ ions adsorbed
nd Ca2+ ions of HAp [9]. This ion exchange reaction mecha-
ism is expressed as:

a10(PO4)6(OH)2 + xPb2+

→ xCa2+ + Ca10−xPBx(PO4)6(OH)2 (4)

he second mechanism is the dissolution of HAp in aque-
us solution containing Pb2+ ions followed by precipitation
f hydroxypyromorphite [Pb10(PO4)6(OH)2, HPy], i.e., the
issolution–precipitation mechanism [10,11], which is written
s:

issolution : Ca10(PO4)6(OH)2 + 14H+

→ 10Ca2+ + 6H2PO4
− + 2H2O

recipitation : 10Pb2+ + 6H2PO4
− + 2H2O

→ 14H+ + Pb10(PO4)6(OH)2 (5)

In order to investigate the removal mechanism of Pb2+ ions
y HAp/PU composite foams in aqueous solutions at various
H values, SEM images of the composite foam surfaces after
he Pb2+ ion removal experiments were obtained, as shown in
ig. 7. The overall morphology of the composite foams was
ound to be remained unchanged even after the experiments
left-side images of Fig. 7), while the local surface morphol-
gy of composites is quite different, depending on pH value
f aqueous solutions (right-side images of Fig. 7). At pH 2–3,
he needle-shaped precipitants were observed on the composite
urfaces, whereas the surface morphologies (domain structures

ispersed in PU matrix) of the composites experimented at pH
–6 is almost identical with that of the original composite foam.
t indicates that the removal mechanism of Pb2+ ions by the
Ap/PU composite foams is quite different between pH 2–3

3

c

ig. 8. Magnified SEM images (A and B) and associated EDS spectra (C) of HAp (50
Materials 152 (2008) 1285–1292

nd pH 5–6. The magnified SEM image (Fig. 8A) and associated
DS spectrum (Fig. 8C) of the composite foams experimented at
H 2–3 support the fact that HAp is firstly dissolved out from the
omposite foams and, simultaneously, the needle-shaped HPy
rystallites are formed and precipitated on the composite sur-
aces. On the other hand, the SEM image (Fig. 8B) and related
DS spectrum (Fig. 8C) of the composite foams experimented at
H 5–6 confirm that the domains dispersed in the PU composite
atrix are mostly composed of HPy. It reveals that the removal

f Pb2+ ions by the composite foams at pH 5–6 stems from the
echanism of adsorption of Pb2+ ions on the HAp/PU compos-

te surfaces and following ion exchange reaction between Pb2+

ons in aqueous solution and Ca2+ ions of HAp in the compos-
tes. On the other hand, it is conjectured that the lowest removal
mount of Pb2+ ions at pH 4 (Fig. 6) is caused by the compe-
ition of above two removal mechanisms, i.e., HAp is hardly
issolved out owing to relatively low concentration of H+ ions
nd the ion exchange reaction from HAp to HPy is also limited
y the competing concentrations of H+ and Pb2+ ions. This is
onfirmed that the magnified SEM image (right-side of Fig. 7C)
f the composite foam experimented at pH 4 is rather different
rom the images of the composite foams experimented at pH 2–3
nd 5–6. Overall, it is valid to conclude that the removal mech-
nism of Pb2+ ions by the HAp/PU composite foams is varied,
epending on the pH value in aqueous solution: the mechanism
f dissolution of HAp and precipitation of HPy is dominant at
ower pH 2–3, the mechanism of adsorption of HAp and ion
xchange between Ca2+ of HAp and Pb2+ in aqueous solution
revails at higher pH 5–6, and two mechanisms compete at pH 4.
.5. Adsorption isotherm

The equilibrium adsorption performance of the HAp/PU
omposite foam with 50 wt.% HAp content for Pb2+ ions was

wt.%)/PU composite foams experimented at various pH values of 2–3 and 5–6.
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ig. 9. Langmuir isotherm plot for the adsorption of Pb ions by HAp
50 wt.%)/PU composite foam in aqueous solution at pH 5.

xamined at pH 5 where the ion exchange mechanism is domi-
ant for the removal of Pb2+ ions from aqueous solution. Several
athematical adsorption isotherm models have been developed

o quantitatively express the relationship between the extent of
orption and the residual solute concentration. The most widely
sed model is the Langmuir adsorption isotherm model, which
s expressed as [20]:

Ce

qe
= 1

Keqmax
+ Ce

qmax
(6)

here Ce (mg/l) is the equilibrium concentration, qe (mg/g) the
mount adsorbed per amount of adsorbent (mg/l), Ke the Lang-
uir equilibrium constant (l/mg), and qmax is the amount of

dsorbate adsorbed per unit mass of adsorbent corresponding to
omplete monolayer coverage. The linear plot of Ce/qe against
e based on the Langmuir equation gives a fairly good linear fit

o the adsorption isotherms for the composite foam, as shown
n Fig. 9, yielding qmax (150 mg/g) and Ke (0.139 l/mg) from

he slope and intercept, respectively. The qmax of 150 mg/g for
he composite with 50 wt.% HAp estimated by the Langmuir
sotherm model matches well with the value (170 mg/g) obtained
y the pseudo-second order kinetic model, within the experimen-

able 1
dsorption capacities of Pb2+ ions by various adsorbents

dsorbents qmax (mg/g) Reference

ctivated carbon 31.2 [3]
olyacrylamide/bentonite composite 33.12 [21]
olyacrylamide/zeolite composite 58 [21]
HEMA/chitosan membranes 68.81 [22]
heat bran 87 [5]

alm shell activated carbon 95.2 [6]
atural phosphate 115.3 [2]
Ap (50 wt.%)/PU composite foam 150 This work
ctivated phosphate 155 [2]

A

t
C

R
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al error. When the qmax value of the HAp/PU composite foam
ith 50 wt.% HAp was compared with those of other adsorbents

Table 1), the adsorption capability of the composite foam with
0 wt.% HAp content for Pb2+ ions was found to be compara-
le or even superior to others adsorbents. This result reveals that
Ap/PU composite foams are effective adsorbents for Pb2+ ions

rom wastewater.

. Conclusions

The aim of this work was to synthesize HAp/PU composite
oams and to investigate their removal ability of Pb2+ ion from
queous solutions with a variety of initial Pb2+ ion concentra-
ions and pH values of 2–6. We have prepared two composite
oams with 20 and 50 wt.% HAp contents, which displayed
ell-developed open pore structures. The composite foam with
0 wt.% HAp exhibited the higher removal efficiency of Pb2+

ons due to higher adsorption capacity, compared to the com-
osite with 20 wt.% HAp, and showed the slower removal
inetics owing to the less uniform dispersity of HAp parti-
les. The removal rate of Pb2+ ions by the composite foam
ith 50 wt.% HAp content was slower with increasing the ini-

ial Pb2+ ion concentration in aqueous solutions. The removal
echanism of Pb2+ ion was very sensitive to the pH value

n aqueous solution, although the removed amount of Pb2+

ons at different pH value was nearly same within the exper-
mental error. The mechanism of dissolution of HAp in the
omposite foam and precipitation of HPy was dominant at
ower pH 2–3, the mechanism of adsorption of Pb2+ ions on
he composite surface and ion exchange reaction between Ca2+

f HAp and Pb2+ ions in aqueous solution was dominant at
igher pH 5–6, and neither removal mechanisms was domi-
ant at pH 4. The equilibrium removal process of Pb2+ ions
y the composite foam at pH 5 was described well with the
angmuir isotherm model. The maximum adsorption capac-

ty of the composite foam with 50 wt.% HAp was found to
e 150 mg/g, indicating that the HAp/PU composite foam is
promising adsorbent for Pb2+ ions from aqueous solution at

igher pH values of 5–6 and could be used as a purifier for
astewater.

cknowledgement

This work was supported by grant No. RTI04-01-04 from
he Regional Technology Innovation Program of the Ministry of
ommerce, Industry, and Energy (MOCIE).

eferences

[1] A. Aklil, M. Mouflih, S. Sebti, Removal of heavy metal ions from water by
using calcined phosphate as a new adsorbent, J. Hazard. Mater. 112 (2004)
183–190.
[2] M. Mouflih, A. Aklil, S. Sebti, Removal of lead from aqueous solutions by
activated phosphate, J. Hazard. Mater. 119 (2005) 183–188.

[3] M. Machida, R. Yamazaki, M. Aikawa, H. Tatsumoto, Role of minerals in
carbonaceous adsorbents for removal of Pb(II) ions from aqueous solution,
Sep. Purif. Technol. 46 (2005) 88–94.



1 dous

[

[

[

[

[

[

[

[

[

[

[

[

292 S.H. Jang et al. / Journal of Hazar

[4] K.S. Hui, C.Y.H. Chao, S.C. Kot, Removal of mixed heavy metal ions in
wastewater by zeolite 4A and residual products from recycled coal fly ash,
J. Hazard. Mater. 127 (2005) 89–101.

[5] Y. Bulut, Z. Baysal, Removal of Pb(II) from wastewater using wheat bran,
J. Environ. Manage. 78 (2006) 107–113.

[6] G. Issabayeva, M.K. Aroua, N.M.N. Sulaiman, Removal of lead from aque-
ous solutions on palm shell activated carbon, Bioresour. Technol. 97 (2006)
2350–2355.

[7] G. Lusvardi, G. Malavasi, L. Menabue, M. Saladini, Removal of cad-
mium ion by means of synthetic hydroxyapatite, Waste Manage. 22 (2002)
853–857.

[8] N. Arnich, M.C. Lanhers, F. Laurensot, R. Podor, A. Montiel, D. Burnel,
In vitro and in vivo studies of lead immobilization by synthetic hydroxya-
patite, Environ. Pollut. 124 (2003) 139–149.

[9] T. Suzuki, K. Ishigaki, M. Miyake, Synthetic hydroxyapatites as inorganic
cation exchangers Part 3. exchange characteristics of lead ions (Pb2+), J.
Chem. Soc. Faraday Trans. I 80 (1984) 3157–3165.

10] Q.Y. Ma, S.J. Traina, T.J. Logan, J.A. Ryan, In-situ lead immobilization by
apatite, Environ. Sci. Technol. 27 (1993) 1803–1810.

11] Y.P. Xu, F.W. Schwartz, Lead immobilization by hydroxyapatite in
aqueous-solutions, J. Contam. Hydrol. 15 (1994) 187–206.

12] S.K. Lower, P.A. Maurice, S.J. Traina, Simultaneous dissolution of
hydroxylapatite and precipitation of hydroxypyromorphite: direct evi-

dence of homogeneous nucleation, Geochim. Cosmochim. Acta 62 (1998)
1773–1780.

13] E. Mavropoulos, A.M. Rossi, A.M. Costa, C.A.C. Perez, J.C. Moreira, M.
Saldanha, Studies on the mechanisms of lead immobilization by hydrox-
yapatite, Environ. Sci. Technol. 36 (2002) 1625–1629.

[

Materials 152 (2008) 1285–1292

14] M.S. Alhakawati, C.J. Banks, Removal of copper from aqueous solution
by Ascophyllum nodosum immobilised in hydrophilic polyurethane foam,
J. Environ. Manage. 72 (2004) 195–204.

15] M.L. Pinto, J. Pires, A.P. Carvalho, M.B. de Carvalho, J.C. Bordado, Syn-
thesis and regeneration of polyurethane/adsorbent composites and their
characterization by adsorption methods, Microporous Mesoporous Mater.
89 (2006) 260–269.

16] D. Dieterich, E. Grigat, W. Hahn, H. Hespe, H.G. Schmelzer, Principles
of polyurethane chemistry and special applications, in: G. Oertel (Ed.),
Polyurethane Handbook: Chemistry, Raw Materials, Processing, Applica-
tion, Properties, second ed., Hanser, Munich, 1994.

17] G. Blanchard, M. Maunaye, G. Martin, Removal of heavy metals from
waters by means of natural zeolites, Water Res. 18 (1984) 1501–
1507.

18] Y.S. Ho, D.A. John Wase, C.F. Forster, Batch nickel removal from
aqueous solution by sphagnum moss peat, Water Res. 29 (1995) 1327–
1332.

19] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes,
Process Biochem. 34 (1999) 451–465.

20] I. Langmuir, The constitution and fundamental properties of solids and
liquids. Part I. Solids, J. Am. Chem. Soc. 38 (1946) 2221–2295.

21] U. Ulusoy, S. Simsek, Lead removal by polyacrylamide-bentonite and zeo-
lite composites: effect of phytic acid immobilization, J. Hazard. Mater. 127

(2005) 163–171.

22] O. Genc, L. Soysal, G. Bayramoglu, M.Y. Arica, S. Bektas, Procion
Green H-4G immobilized poly(hydroxyethylmethacrylate/chitosan) com-
posite membranes for heavy metal removal, J. Hazard. Mater. 97 (2003)
111–125.


	Removal of lead ions in aqueous solution by hydroxyapatite/polyurethane composite foams
	Introduction
	Experimental
	Preparation of HAp/PU composite foams
	Removal of Pb2+ ions by HAp/PU composite foams

	Results and discussion
	Morphology of HAp/PU composite foams
	Effect of HAp content in composite foams
	Effect of initial Pb2+ ion concentration
	Effect of pH in aqueous solution
	Adsorption isotherm

	Conclusions
	Acknowledgement
	References


