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bstract

Three novel adsorbents of hydroxyapatite/poly (vinyl alcohol) (HAp/PVA) cryogel, HAp/PVA cryogel immobilized on PVA foam and HAp/PVA
ryogel immobilized on polyurethane (PU) foam have been investigated to compare the morphology and sorption performances for removal of
admium. The adsorption kinetics was interpreted by double-exponential model, pseudo-first-order model and pseudo-second-order models. The
quilibrium time was found to be 36, 24, and 12 h for cryogel, cryogel immobilized on PVA foam and PU foam, respectively. The adsorption was

−1
ound to follow Langmuir isotherm model and the maximum sorption capacity was estimated to be 53.3, 53.1 and 47.7 mg g for cryogel, cryogel
mmobilized on PVA foam and PU foam. The effects of HAp/PVA ratio and drying method on cadmium sorption were also studied. The difference
f adsorption kinetics model and equilibrium time among the three adsorbents was suggested to be ascribed to different pore size. Oven-dried
Ap/PVA cryogel immobilized on PU foam was preferable due to short equilibrium time and good sorption ability.
2008 Published by Elsevier B.V.
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. Introduction

Hydroxyapatite (HAp) with the structural formula of
a10(PO4)6(OH)2, is the major inorganic component of human
ones and teeth [1,2]. Although HAp has long been researched
s biomaterials such as important bone substitute materials and
rtificial implant, HAp has the very marked ability to adsorb eas-
ly various ions, organic molecules and polymers [3]. Because
f the high stability and flexibility of the apatitic structure, many
ationic and anionic substitutions are possible [4]. HAp has
hown a certain ability to retain Pb, Cd, Zn, U, As, Sb and V
5,6]. The interaction of Cd2+, Zn2+, Ni2+, Ba2+, Mg2+ with
Ap has been studied [4,7]. The mechanisms are suggested

o be ion exchange and complexation. Ca2+ can be substituted

y monovalent, divalent and trivalent cations. OH-and PO4

3−
an be replaced by some anions and can provide surface com-
lexation as well [7]. Furthermore, HAp is abundant in nature,
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vailable easily, low in cost and have minimal environmental
mpact for restoration or remediation of natural resources [6].
herefore, HAp has been applied to the research related to the

emoval of heavy metals. However, because of low mechani-
al reliability, especially in aqueous environments, HAp cannot
e used for heavy load-bearing applications [8]. The exis-
ence of powder also limits the applications under aqueous
ondition. Thus, new materials comprising organic and inor-
anic compounds have been investigated due to their improved
echanical, thermal, optical, or chemical properties. In our

ast research, HAp/PVA composite cryogel, characteristic of
acroporous structure, clean physical manufacturing process,

nvironment-friendly material, has been studied and maximum
orption capacity of 53.3 mg g−1 was obtained [9]. Nevertheless,
he time to reach sorption equilibrium was found to be 36 h. The
ong equilibrium time was ascribed to small size of macropores
arying from 0.1 �m to several micrometers. Therefore, large

acroporous matrix for HAp is considered to improve sorption

fficiency in this work.
Polyurethane (PU) and poly(vinyl alcohol) (PVA) foams have

ecome attractive materials for preconcentration, extraction and
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ig. 1. SEM photographs of (a) porous PVA foam; (b) oven-dried HAp/PVA cry
VA foam; (d) freeze-dried HAp/PVA cryogel located on PVA foam; (e) coated

eparation of a wide variety of inorganic and organic substances
n different media because of low cost, high available surface
rea, high macroporosity, cellular structure and stability in acidic
r basic media. Unloaded and loaded PU and PVA foams immo-
ilized by functional species have been successfully applied to
he sensitive detection, semiquantitative determination, selec-
ive collection, preconcentration and recovery of metal ions
10–15]. Of great interest to wastewater treatment is the poten-
ial of immobilizing functional reagents or microorganisms onto
oams to remove heavy metals or degrade hydrocarbons and
oxic wastes.

HAp can be immobilized in foams by coating with the help
f PVA solution, but HAp particle is unstable and easy to release
rom foams. A new approach is suggested to immobilize HAp by

orming HAp/PVA cryogel on PU and PVA foams. When HAp
s anchored in foams through PVA cryogel, the entrapment of
Ap in cryogel can make HAp difficult to release. Moreover, the

ntrinsic porous structure of foams remained, which can improve

w
f
f
T

ig. 2. SEM photographs of (a) porous PU foam; (b) oven-dried HAp/PVA cryogel
U foam; (d) freeze-dried HAp/PVA cryogel located on PU foam; (e) coated PU foam
immobilized on PVA foam; (c) freeze-dried HAp/PVA cryogel immobilized on
foam with HAp/PVA solution.

orption efficiency. In this study, the preparation, morphology
nd Cd2+ sorption abilities of HAp/PVA cryogel immobilized on
VA and PU foams were introduced. The sorption isotherm and
inetics were compared among cryogel, cryogel immobilized
n PVA foam and cryogel immobilized on PU foam. The effects
f HAp/PVA ratio and drying method were also studied.

. Materials and methods

.1. Materials

PVA with degree of hydrolysis of 99.5% and degree of poly-
erization of 1700 was obtained from Kolon company. HAp was

urchased from SAMJO Co., Ltd. Cadmium nitrate tetrahydrate

as purchased from KANTO chemical Co., Inc. PVA and PU

oams were commercial products. The characteristics of porous
oams were presented in SEM images (Figs. 1 and 2(a)) and
able 1.

immobilized on PU foam; (c) freeze-dried HAp/PVA cryogel immobilized on
with HAp/PVA solution.
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Table 1
Characteristics, kinetic models, isotherm constants and correlation coefficients for Cd2+ sorption on HAp/PVA cryogel, cryogel immobilized on PVA and PU foams

Adsorbents Material for
Cd2+ adsorption

Pore size (�m) Sorption kinetic model Equilibrium time (h) Cd2+ sorption
capacity
(mg g−1)

Langmuir
constant
(L mg−1)
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Ap/PVA cryogel HAp ∼10 Double-exponential
el on PVA foam HAp 25–100 Double-exponential
el on PU foam HAp 100–200 Pseudo-first and seco

.2. Preparation process

HAp/PVA blend solution (10 wt% PVA; HAp/PVA = 1) was
repared by mixing two materials in water and heating at 85 ◦C
or 2 h. PU and PVA foams were immersed into the pre-made
Ap/PVA blend solution. Following that, PU and PVA foams

ully impregnated with HAp/PVA blend solution were frozen
nd thawed according to the process mentioned in HAp/PVA
ryogel manuscript at rates of −0.6 and 0.025 ◦C min−1. Thus,
he HAp/PVA cryogel were immobilized on PU and PVA foams.
inally, the PU and PVA foams were freeze-dried and oven-
ried, respectively. The coated sample was also made by oven-
rying of PU foam impregnated with HAp/PVA blend solution
ithout cryogelation.

.3. Morphology observation

The HAp/PVA cryogels and cryogels immobilized on foams
ere analyzed using a field emission scanning electron micro-

cope (JEOL JSM-6500F). Freeze-drying was applied to dry
he specimen to remain the original structure. The surface and
ross-section were observed after cutting. The distribution of
Ap particles in cryogels and the porous structure of cryogels
ere investigated.

.4. Sorption experiments

Batch sorption experiments were performed at a constant
emperature of 20 ◦C on a shaker at 150 rpm using 100 ml con-
cal flasks. Sorption kinetics data were obtained by contacting
Ap/PVA cryogels and cryogels immobilized on foams with
0 ml cadmium solution at a concentration of about 100 mg L−1

t the interval from 5 min to 36 h. The isotherm experiments were
arried out in 50 ml cadmium solution at varying concentrations
rom about 10 to 400 mg L−1. After sorption, the solutions were
ltered by filter paper. All experiments were run in triplicate.
he initial and final concentrations were measured by an atomic
bsorption flame emission spectrophotometer (AA-6701F).

. Results and discussion

.1. Morphology of cryogels and cryogels immobilized on
oams
Figs. 1 and 2(a) showed the SEM photographs of untreated
oams with big interconnected macropores. PVA foam pos-
essed smaller pore sizes than PU foam. The porous structure in

i
(
p
e

36 53.3 0.091 0.991
24 53.1 0.048 0.989

er 12 47.7 0.114 0.998

igs. 1 and 2(b) of oven-dried HAp/PVA cryogel immobilized
n foams presented that about half of the big intrinsic intercon-
ected macropores of foams remained after oven-drying. The
U pores were found to be entangled with HAp/PVA cryo-
el to get a stable structure, whereas cryogel adhered to the
all of PVA foam. Figs. 1 and 2(c) displayed the SEM images
f freeze-dried HAp/PVA cryogel immobilized on PU foam.
reeze-dried foams were stuffed with HAp/PVA cryogel and the

ntrinsic big macropores were full of HAp/PVA cryogel. Nev-
rtheless, the HAp/PVA cryogel exhibited small macroporous
tructure (Figs. 1 and 2(d)), as discussed in the manuscript of
Ap/PVA cryogel [9]. HAp was well distributed in pore chan-
els of PVA cryogel. In addition, the macroporous structure was
ot affected largely by coating PU foam with HAp/PVA solution
Figs. 1 and 2(e)). HAp/PVA solid was easy to fall off from PU
oam due to large pores, while it clung to the wall of PVA foam
elatively strongly in consequence of smaller pores.

.2. Sorption kinetics

Three kinetics models were involved to evaluate the effi-
iency of HAp/PVA cryogel immobilized on foams on Cd2+

orption and understand the sorption behavior of HAp/PVA
ryogel immobilized on foams towards Cd2+, which are pseudo-
rst-order, pseudo-second-order [16] and double-exponential
odels [17] with the equations:

t = qe(1 − e−k1t) (1)

t = qe
qek2t

1 + qek2t
(2)

t = qe − D1

mads
exp(−KD1t) − D2

mads
exp(−KD2t) (3)

here qe is the sorption capacity at equilibrium (mg g−1),
t is sorbed amount at any time t (mg g−1), k1 is the first-
rder rate constant (h−1), k2 is the second-order rate constant
g mg−1 h−1), D1 and D2 are sorption rate constants of the rapid
nd the slow steps (mg L−1), KD1 and KD2 are constants con-
rolling the mechanism (h−1), and mads is the adsorbent amount
n the solution (g L−1).

Figs. 3 and 4 illustrated the sorption kinetics curves of
d2+ on HAp/PVA cyrogel immobilized on foams and the
xperimental data were fit by these models. It was found

n the case of PVA foam that the double-exponential model
R2 = 0.996) demonstrated best agreement compared with the
seudo-first-order (R2 = 0.871) and pseudo-second-order mod-
ls (R2 = 0.959). Formerly, the pristine HAp/PVA cryogel was
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ig. 3. Sorption kinetics of Cd2+ on HAp/PVA cryogel immobilized on
ven-dried PVA foam by pseudo-first-order, pseudo-second-order and double-
xponential models.

ound to be well described by double-exponential model [9].
he sorption data of PVA foam fit the double-exponential
odel best, but pseudo-second-order model also represented

igh correlation, which was disagreeable with gel. In addition,
he coefficients of pseudo-first-order (R2 = 0.974) and pseudo-
econd-order models (R2 = 0.983) suggested that both models
ere suitable for sorption kinetics of PU foam. Furthermore,

o take into account the equilibrium time of sorption, the dura-
ion was examined to be 36, 24 and 12 h for cryogel, PVA foam
nd PU foam, respectively. The reason for the discrepancies of
orption model and equilibrium time among the three adsor-
ents may lie in obviously different pore size (Table 1). It was
licited that larger macropores caused faster one-stage sorption
nd quicker sorption equilibrium, whereas longer time and two
tages were undertaken to approach sorption equilibrium as to
maller macropores.

The double-exponential model indicated a diffusion-
ontrolled and a two-step mechanism. Two phases were included
n this kinetics model: a rapid sorption stage and subsequently

uch slower stage before the equilibrium was established. A first
apid sorption step was realized involving external surface diffu-

2+ 2+
ion of Cd and diffusion of Cd into easily attainable pores.
onsequently, the slow step was controlled by the further pore
nd internal diffusion and then the sorption reaches equilibrium.
issimilarly, pseudo-first-order and pseudo-second-order mod-

ig. 4. Sorption kinetics of Cd2+ on HAp/PVA cryogel immobilized on oven-
ried PU foam by pseudo-first-order and pseudo-second-order models.
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ig. 5. Langmuir isotherm of Cd2+ adsorbed on oven-dried HAp/PVA cryogel
mmobilized on PVA foam.

ls pointed out one-step mechanism. Only one fast sorption stage
roceeded in terms of the two models before the equilibrium was
btained. Due to large macropores, Cd2+ was effortless to con-
act large surface area promptly and only one diffusion step was
ecessitated. The equilibrium was reached after one-step fast
orption.

.3. Sorption isotherm

The experimental isotherm data of Cd2+ sorption onto
Ap/PVA cryogel immobilized on PVA and PU foams were

valuated by extensively used Langmuir and Freundlich mod-
ls [18–20] The Langmuir isotherm was originally defined to
ccount for the adsorption of gases on metal surfaces, and was
erived by Langmuir on kinetic grounds. It has proved to be rea-
onably well suited to describe the sorption of a solute from a
iquid solution. The Langmuir sorption model can be expressed
s:

= QKLCe

1 + KLCe
(4)

here q is the sorption amount of metal ion by HAp in cryogel
mg g−1), Q is maximum sorption capacity (mg g−1), Ce is the
nal concentration of metal in solution when reaching equilib-
ium (mg L−1) and KL is the Langmuir constant (L mg−1).

By rearranging the above equation to the linearised form:

Ce

q
= 1

QKL
+ Ce

Q
(5)

Q and KL can be determined by the slope (1/Q) and intercept
1/QKL) from the line of Ce/q versus Ce.

The classical work of Freundlich on sorption by animal char-
oal led to the purely empirical conclusion that the sorption
sotherm could be defined as:

og q = log KF + 1

n
log Ce (6)

here KF and n are Freundlich constants indicating sorption

apacity and intensity, respectively. They can be obtained from
inear plot of log q against log Ce.

Figs. 5 and 6 depicted the linear fit curves of Langmuir
sotherm. The values of isotherm constants were also listed
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Fig. 8. Effect of HAp/PVA ratio on sorption amount of Cd2+ by oven-dried
HAp/PVA cryogel immobilized on PU foam.
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Figs. 9 and 10 demonstrate the comparison of Cd2+ sorption
ig. 6. Langmuir isotherm of Cd2+ adsorbed on oven-dried HAp/PVA cryogel
mmobilized on PU foam.

n Table 1. It was clearly seen that the experimental isotherm
ata of the three adsorbents fit well with the Langmuir model,
hereas the Freundlich was comparatively less suitable. The
aximum sorption capacity (Q) was estimated to be 53.3, 53.1

nd 47.7 mg g−1 for cryogel, PVA foam and PU foam, respec-
ively. It was suggested from this similar sorption result that
trong capacity could be obtained for all the three adsorbents.
ased on the analysis of both sorption kinetics and isotherm,
Ap/PVA cryogel immobilized on PU foam was preferred as a

onsequence of short equilibrium time and good sorption ability.

.4. Effect of HAp/PVA ratio on Cd2+ sorption

Figs. 7 and 8 illustrated Cd2+ sorption of HAp/PVA cryo-
el immobilized on PVA and PU foams versus HAp/PVA ratio.
ore amount of HAp in foams led to increment of Cd2+ removal

ndoubtedly if the sorption was evaluated per foam. It was not
xpected that Cd2+ sorption per gram of HAp decreased with
ncreasing HAp/PVA ratio, similar with cryogel. The reason
hould be in conformity with that for cryogel [9]. The HAp
articles were not only distributed on the surface of pores, but
lso entrapped into the internal region of cryogel on the foams.
hen the HAp/PVA ratio increased, the attainable HAp amount
id not increase accordingly. Moreover, the more difficult Cd2+

iffusion among HAp agglomerates due to large amount of HAp
lso resulted in inverse effect. The sorption amount per HAp can

ig. 7. Effect of HAp/PVA ratio on sorption amount of Cd2+ by oven-dried
Ap/PVA cryogel immobilized on PVA foam.

b
l
s

F
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ig. 9. Effect of drying methods on sorption amount of Cd2+ by HAp/PVA
ryogel immobilized on PVA foam.

e improved by better dispersion of HAp and decreasing HAp
article size.

.5. Effect of drying method on Cd2+ sorption
y oven-dried and freeze-dried HAp/PVA cryogel immobi-
ized on PVA and PU foams and foams coated by HAp/PVA
olution. The sorption ability seemed to be in sequence of

ig. 10. Effect of drying methods on sorption amount of Cd2+ by HAp/PVA
ryogel immobilized on PU foam.
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oam presented better sorption amount, the unstably anchored
Ap/PVA solids hindered the application. Oven-dried foam was

ound to be slightly better than freeze-dried specimen. More-
ver, oven-drying method is more energy-saving compared with
reeze-drying method.

. Conclusions

In this study, the morphology and sorption performances
f HAp/PVA cryogel, cryogel immobilized on PVA foam and
U foam were compared. The macropores of PU foams were
ound to be entangled with HAp/PVA cryogel, whereas cryogel
dhered to the wall of PVA foam after oven-drying. Freeze-dried
oams were stuffed with HAp/PVA cryogel and the intrinsic big
acropores were full of HAp/PVA cryogel with small macrop-

res. The adsorption data of cryogel immobilized on PVA foam
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odel also represented high correlation, which was disagreeable
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ere suitable for sorption kinetics of cryogel immobilized on
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inetics model and equilibrium time among the three adsor-
ents was suggested to be ascribed to different pore size. The
dsorption was found to follow Langmuir isotherm model and
he maximum sorption capacity was estimated to be 53.3, 53.1
nd 47.7 mg g−1 for cryogel, cryogel immobilized on PVA foam
nd PU foam. Higher ratio of HAp/PVA led to less amount of
d2+, owing to larger HAp agglomerates and more difficult Cd2+

iffusion. Oven-drying method was better than freeze-drying.
herefore, oven-dried HAp/PVA cryogel immobilized on PU

oam was preferable due to short equilibrium time and good
orption ability.
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