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a b s t r a c t

Micro-composite of polyacrylamide (PAA) and apatite (Apt) was prepared by direct polymerization of
acrylamide in a suspension of Apt and characterized by means of FT-IR, XRD, SEM and BET analysis.
The adsorptive features of PAA–Apt and Apt were then investigated for Pb2+, UO2

2+ and Th4+ in view of
dependency on ion concentration, temperature, kinetics, ion selectivity and reusability. Experimentally
obtained isotherms were evaluated with reference to Langmuir, Freundlich and Dubinin–Radushkevich
(DR) models. Apt in PAA–Apt had higher adsorption capacity (0.81, 1.27 and 0.69 mol kg−1) than bare Apt
(0.28, 0.41 and 1.33 mol kg−1) for Pb2+ and Th4+, but not for UO2

2+. The affinity to PAA–Apt increased for Pb2+

and UO2
2+ but not changed for Th4+. The values of enthalpy and entropy changed were positive for all ions
omposite
etal

olyacrylamide

for both Apt and PAA–Apt. Free enthalpy change was �G < 0. Well compatibility of adsorption kinetics
to the pseudo-second-order model predicated that the rate-controlling step was a chemical sorption.
This was consistent with the free energy values derived from DR model. The reusability tests for Pb2+

for five uses proved that the composite was reusable to provide a mean adsorption of 53.2 ± 0.7% from
4 × 10−3 M Pb2+ solution and complete recovery of the adsorbed ion was possible (98 ± 1%). The results
of this investigation suggested that the use of Apt in the micro-composite form with PAA significantly
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. Introduction

The adsorption procedures are introduced as a favorable way for
he remediation of aquatic waste because of its efficacy, practicality
nd economical feasibility, as depending on the used adsorbents.

Polymers have attracted great interest because they are easily
nd effectively produced in a wide variety of compositions, and
xhibit specific sorption properties after modification with various
unctional groups. For instance, poly(1,8-di-aminonaphthalene)

icroparticles was the sorbent for removal and recovery of Ag+

ons with the highest adsorptivity of Ag+ ions of 1924 mg g−1

1]. High sorption capacities with very rapid uptake by poly(p-
henylenediamine) and poly(m-phenylenediamine) with strong
hemoresistance have been reported for lead ions [2,3]. Despite
he fact that the considerable successes obtained from such studies
ith synthetic polymers, the high cost has remained controversial.
The low cost adsorbents are the naturally occurring materials
ith high abundance such as aluminosilicates; clay and zeolite

4]. Apatitic minerals have also been considered amongst ideal
ow cost adsorbents because of their high sorption capacity for

∗ Corresponding author. Tel.: +90 346 2191010x1623; fax: +90 346 2191186.
E-mail address: ulusoy@cumhuriyet.edu.tr (U. Ulusoy).
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es of Apt.
© 2008 Elsevier B.V. All rights reserved.

etal ions, the least solubility and the highest stability in a wide
ange of pH, and high stability under reducing/oxidizing conditions
5]. Hydroxyapatite [Ca10(PO4)6(OH)2] as an apatitic mineral is the

ain calcium phosphate component of bone. It can be produced
y mining mineral deposits [6], from calcinations of bone [7] or
hrough precipitation from calcium phosphate solutions [8].

Due to their suitable features, apatitic minerals, hydroxyap-
tite in particular has been the scope of considerable number
f adsorption investigations. For example, adsorptive features of
a–hydroxyapatite in view of the influence of sorption protocol,
inetics and diffusion were investigated for Cd2+ [9,10], UO2

2+

5,11], Pu6+ [12] and Co2+ [13] in aqueous solutions. The ion-
xchange features of Ba–hydroxyapatite for Cu2+, Pb2+, Zn2+, Cd2+

nd Co2+, and the enhancement of Ba2+ exchangeability with Pb2+

ere of interest in studies performed by Sugiyama et al. [14,15].
orption properties of natural and synthetic carbonate fluoroap-
tites were compared by Perrone et al. [16] for Ni2+. The natural
orm of hydroxyapatite were used in removal of Cu2+, Cd2+and Pb2+

y Mavropoulos et al. [6] and Sarioglu et al. [17]. Recent investi-

ations on this topic have also focused on surface modifications
o provide a wider applicability of these minerals from adsorption
tudies to medical applications [18–21]. In consequence, all above-
entioned studies coherently show the advantages of apatitic
inerals (with or without modifications) in removal of metal ions.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ulusoy@cumhuriyet.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.06.064
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Further researches require enhancing adsorption capacity and
ractical usage of apatitic minerals, since the aggregation and
oagulation of mineral particles under varying conditions of tem-
erature and electrolytes lead variations in flow properties of these
inerals. This is an undesired feature for their practical use as

dsorbents since it may result in e.g. hydrodynamic constraints
n chromatographic and/or column applications. The use of the

ineral as its composite with a polymer may be helpful to over-
ome these limitations. Beside its practicality, the composition may
isplay more properties of an effective adsorbent than the bare
ineral. The polymer should be capable of swelling in aquatic

olutions, enabling the diffusion and/or transfer of ions towards
dsorption sites of the embodied mineral and should be inert for
etal ions. As a hydrogel polymer, the cross-linked polyacryamide

PAA) should provide these requirements as it was proved for ben-
onite and zeolite [22,23]. Such a composite, in which the mineral
round to the intended size dispersed as a mineral phase in a poly-
er (with guest and host resemblance) should be a phase separated
icro-composites with reference to the classification by Alexandre

nd Dubois [24]. Because, hydroxyapatite does not have a layered
tructure like bentonite to provide intercalated or exfoliated nano-
omposites [22,25].

The aim of this investigation was to introduce the composite of
patite (Apt) with PAA as a new material (PAA–Apt) for practical
se of Apt in adsorption procedures. The preparation and char-
cterization of PAA–Apt, and its comparative adsorptive features
ith bare Apt with reference to the dependency on concentra-

ions and temperature, and the adsorption kinetics for Pb2+, UO2
2+

nd Th4+ were investigated. The metal cations represented the
azardousness in view of toxicity and radioactivity, different oxi-
ation states and ionic compositions. Besides this, the recovery
f such metals may also be economical interests. The adsorptive
eatures were evaluated on the base of adsorption parameters
erived from the compatibility of experimentally obtained adsorp-
ion isotherms to Langmuir, Freundlich and Dubinin–Radushkevich
DR) models. Additional considerations were also given to
he ion selectivity and reusability of the composite for the
tudied ions.

. Experimental

.1. Reagents

Acrylamide monomer, N,N′-methylenebisacrylamid, N,N,N′,N′-
etramethylethylenediamine, Pb(NO3)2, UO2(NO3)2·6H2O and
h(NO3)4·4H2O were purchased from Sigma Aldrich. Arsenazo III
disodium salt) was obtained from Acros. Merck was the supplier
f 4-(2′-pyridylazo)-resorcinol (PAR). All chemicals used were of
nalytical reagent grade.

Samsun Fertilizer Laboratories (Turkey) supplied the phosphate
ock as it was ground and sieved in the size of 100 mesh. The compo-
ition of the rock was 49.08% of CaO, 30.97% of P2O5, 3.21% of SiO2,
.63% of F, 5.14% of CO2, 2.86% of SO3, 1.14% of M2O3 (Fe + Al) and
.68% of MgO [14] in comparison to a pure phosphate rock with an
mpirical formulae of Ca5(PO4)3(OH)0.3333F0.3333Cl0.3333 composed
f 55.1% of CaO and 41.8% of P2O5 (http://webmineral.com/data/
patite.shtml). Both pure phosphate rock and hydroxyapatite syn-

hetically obtained with the chemical reaction between Ca(OH)2
nd H3PO4 have a stoichiometric ratio of molCa/molP ≈ 1.65 [8].
owever, the ratio values for phosphate rocks given in the liter-

ture is different from this value, as reported by Mavropoulos et al.
6], where the mean of ratios with ±S.E.M. for 10 different rocks
as 2.21 ± 0.31. The studied rock had a ratio of 2.01, the closeness
f this value to those given in the literature should be a supportive
vidence for the apatite composition of the rock.

P
P
f
a
A
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All experiments were always performed in duplicates. ±5% was
he limit of experimental error of each duplicates, any experiment
esulted in higher than this limit was repeated. Time to attain equi-
ibration between solution and adsorbent was chosen as 24 h, as
ppropriate to the convention, despite the fact that the studies
elated to kinetics implied a shorter time than this duration (see
elow).

.2. Preparation and characterization of PAA–Apt composite

For preparation of 3 g of PAA–Apt, 1 g of Apt in 20 mL of
ater was stirred 15 min to obtain a homogeneous suspen-

ion. 10 mL of solution containing 2 g of acrylamide monomer
o provide a mass ratio 2:1 was added to the suspension
nd stirred additional 5 min. 0.2 g of N,N′-methylenebisacrylamid
nd 50 mg ammoniumpersulphate dissolved in 10 mL distilled
ater was contained on to the suspension. Finally, 100 �L of
,N,N′,N′-tetramethylethylenediamine was added to propagate the
olymerization at 25 ◦C [26]. PAA–Apt gel was washed after com-
letion of the polymerization with distilled water until the effluent
ttained neutral pH. The gel was dried at ambient temperature,
round and sieved to a particle −20 mesh size, and stored in
olypropylene container. To avoid the variations in characteristics
ependent on the preparation, A 50 g lot of PAA–Apt was prepared
o conduct the overall investigation. Bare PAA was also prepared
or comparison of structural and swelling features of the compos-
te and Apt with PAA. 0.1 g of dried samples were weighed and let
o swell in tubes for the equilibrium with water, the swollen sam-
les were then weighed to find swelling ratio as percentage with
eference to the dry weights.

FT-IR (Mattson 1000, UK) was employed to characterize the
hemical structure of Apt and PAA–Apt. XRD (Rigaku Dmax 2200,
sing Cu K� radiation, a proportional counter, 2�/min scan rate)

n Department of Physics (Hacettepe University/Turkey) was used
or powder diffractions of bare Apt and PAA–Apt. Adsorption sur-
ace area (BET by the use of N2 sorption system, Quantachrome
nstruments) measurements and scanning electron microscopy
SEM; JEOL/JSM-6335F) analysis were performed in Tubitak/Gebze
Turkey) Laboratories.

.3. Pb2+, UO2
2+ and Th4+ adsorption

Adsorptive features of the Apt and PAA–Apt were investigated
or Pb2+, UO2

2+ and Th4+. 0.1 g of Apt and PAA–Apt in the studied
olutions was equilibrated with 10 mL of Pb2+, UO2

2+ and Th4+ at
oncentrations within the range from 1 × 10−4 to 8 × 10−3 mol L−1

25–2000 mg L−1). The adsorbent-solution systems were equili-
rated for 24 h at 298 K in a thermostatic water bath and the
uspensions were then centrifuged at 2500 rpm for 3 min. The ini-
ial and final pH values of the solutions were always within the
ange of 3–5.

The adsorption dependence on pH was tested for each ion
or 5 pH values (1–5 with 1 interval); 0.1 g of Apt or PAA–Apt
as added in solutions adjusted to the desired pH, containing
× 10−4 mol L−1 of ions. Mass dependency of the adsorption was
lso checked for PAA–Apt; 25, 50, 75 and 100 mg of the compos-
te were interacted with solutions of the ions at 5 × 10−3 mol L−1.
he adsorbed amounts were determined by analyzing of the super-
atants obtained after the procedure given above.

PAR was used as complex forming reagent for determination of

b2+ in the supernatants [23]. A solution of 3.5 × 10−3 mol L−1 of
AR in 0.7 mol L−1 of Tris–HCl at pH 8–9 was prepared. A 50 �L
raction of supernatant was added onto 3 mL of the reagent and the
bsorbance of the formed metal complex was measured at 510 nm.
rsenazo III was used as the dying reagent in determination of

http://webmineral.com/data/Apatite.shtml
http://webmineral.com/data/Apatite.shtml
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O2
2+ and Th4+ [27,28]. The solutions containing 0.04% Arsenazo

II in HCl to provide pH 1.5 for UO2
2+ and in 2 mol L−1 HClO4 for

h4+ analysis were prepared. A 50 �L fraction of supernatant was
dded onto 3 mL of the reagent and the absorbance was measured
t 650 nm (Shimadzu-160A, Japan).

To confirm accuracy of the results obtained from the metal-
ye detection, UO2

2+ and Pb2+ in some selected samples were
lso determined by radioactivity measurements by means of a
amma spectrometer [NaI(Tl) detector combined with a EG&G
RTEC multi-channel analyzer and software, MAESTRO 32, MCA
mulator, USA]. 212Pb at secular equilibrium with 232Th isolated
rom Th was used as isotopic tracer to monitor Pb2+ adsorption.
he activity measured at 186 keV of 235U at natural level in uranium
omposition and that at 238.6 keV of 212Pb.

.4. Temperature dependence of Pb2+, UO2
2+ and Th4+ adsorption

Temperature effect on adsorption for determination of thermo-
ynamic parameters was studied for three temperatures: 283, 298
nd 313 K. Apt and PAA–Apt (0.1 g each) were equilibrated with
olutions of Pb2+, UO2

2+ and Th4+ at 3 × 10−3 mol L−1 at the chosen
emperatures for 24 h. The samples were subjected to the same pro-
edure described above; equilibrium concentrations and adsorbed
mounts were then determined.

.5. Adsorption kinetics

Ten milliliters of solution of each ion was added on to 0.1 g of Apt
nd PAA–Apt. 50 �L fractions of solution were withdrawn for 4 h,
tarting immediately after the solution-solid contact and continued
ith time intervals. Pb2+, UO2

2+ and Th4+ contents of the fractions
ere determined.

.6. Ion selectivity and reusability

The ion selectivity of Apt and PAA–Apt from solutions containing
ossible combinations of studied ions at equivalent concentrations
5 × 10−3 mol L−1) was studied. Ten milliliters fraction of solu-
ions containing the ions at possible combinations were poured
n 0.1 g of Apt and PAA–Apt, the ion contents of equilibrium (after
4 h) solutions were measured. Neither Th4+ and Pb2+ nor UO2

2+

ad any interference with each other when Th4+ was determined
ith Arsenazo III in 2 mol L−1 of HClO4 [27,28]. The gamma spec-

rometric method was employed for determination of Pb2+ and
O2

2+.
Hydrochloric acid at 1 mol L−1 is known as an effective regen-

rator for resins [29]; this effluent was also tested for the
tudied materials for Pb2+. Five duplicates of 0.1 g Apt and
AA–Apt in polypropylene tubes were equilibrated with 10 mL of
× 10−3 mol L−1 Pb2+ for 24 h and the adsorbed amounts were
etermined. The contents of columns were eluted with 15 mL of
mol L−1 HCl with a flow rate of 1 mL min−1. The recovery of Pb2+

ith HCl was determined. The columns were then reconditioned
ith distilled water until the effluents had a neutral pH. Each sam-
le was subjected to the same procedure for 4 sequential times to
rovide 5 uses in total.

.7. Data evaluation

The amounts of adsorption of the ions (Q, mol kg−1) were calcu-

ated from Q = [(Ci − Ce)V/w], where Ci and Ce are the initial and
quilibrium concentrations (mol L−1), w is the mass of adsorbent
kg) and V is the solution volume (L). The Langmuir and Freundlich

odels defined with Q = (KLXLCe)/(1 + KLCe) and Q = XFCe
1/ˇ fit to

he isotherms experimentally obtained, where XL is the mono-

c
A
m
a
P

ous Materials 163 (2009) 98–108

ayer sorption capacity (mol kg−1), KL is the adsorption equilibrium
onstant (L mol−1) related to the adsorption energy. XF and ‘1/ˇ’
re empirical Freundlich constants associated with the capacity
nd intensity of adsorption (1/ˇ represents the heterogeneity of
he adsorptive surface). The isotherms were also evaluated with
eference to Dubinin–Radushkevich (DR) model to find out the
onstant (KDR, mol2 K J−2) related to the sorption energy from
= XDRe−KDRε2

where XDR is sorption capacity (mol kg−1) and ε
s Polanyi potential given with ε = RT ln (1 + 1/Ce) in which R and T
epresent the ideal gas constant (8.314 J mol−1 K−1) and absolute
emperature (298 K). Free energy change (E, J mol−1) required to
ransfer one mole of ion from the infinity in the solution to the
olid surface was then derived from E = (−2KDR)−1/2.

The distribution coefficients (Kd) were derived from Kd = Q/Ce

or each temperature and ln Kd was depicted against 1/T to provide
dsorption enthalpy (�H, J mol−1) and entropy (�S, J mol−1 K−1)
rom the slopes (�H/R) and intercepts (�S/R) of the depictions with
eference to ln Kd = �S/R − �H/(RT). Having had �H and �S, �G
alues were calculated from �G = �H − T�S.

Equations related to the pseudo-second-order kinetic and intra-
article diffusion were t/Qt = 1/(kQ 2

Mod) + t/QMod and Qt = kit1/2

Weber and Morris model) where Qt and QMod are the adsorbed
mounts (mol kg−1) at time t and equilibrium, k and ki are the
ate constants were applied to the results of kinetic studies to be
ble to envisage the controlling mechanism of the adsorption pro-
ess. Initial adsorption rate (H) was also calculated from H = kQ 2

Mod
30–32].

Since PAA is an inert polymer for adsorption of the studied ions
nd the results obtained from the study for mass dependence of
dsorption proved that the adsorbed amounts were linearly propor-
ional with the mass of adsorbent (R2 > 0.980, p < 0.05, not figured)
or all studied ions, the values of Q (the adsorbed amounts) so that
he obtained parameters for all studied procedures were calculated
ith reference to the Apt content of adsorbents (0.1 g for bare Apt

nd 0.035 g for PAA–Apt) to be able to show the effect of the Apt
sage in composite form on adsorption.

. Results and discussion

.1. Structural evaluation

The FT-IR spectra, XRD patterns and SEM photographs of the
omposite and its components were compared in Fig. 1.

Broad and sharp appearance at 3200–3600 cm−1 in the FT-IR
pectra were of the bonded and free O-H stretches. PAA and PAA–
pt (a and c) had clear counters around 3200 and 1560 cm−1 of
H, 1680 cm−1 of C=O of amide and 2900 cm−1 of C–H [23]. The

ypical frequencies defined around 1100, 950, 600 and 550 were of
O4 groups of Apt in b and c of the FT-IR spectra [16,17]. There was
ot any clear indication that PAA and Apt interacted in forming any
ond.

The typical Apt reflections in the XRD patterns of Apt and
AA–Apt confirmed that the main composition of the rock sample
as apatite (Fig. 1) Intense increase in the background of PAA–Apt
as due to the amorphous contribution of PAA to Apt. The

rystallites size was derived from Scherer’s formula; S = 0.9K�/
FWHM cos �), where S is the crystallite size (nm), K� is the wave-
ength of X-ray beam (0.15406 nm), FWHM is the full with at half

aximum (rad) of the considered � reflection angle (◦) with ref-
rence to the Miller indices at [L002] and [L300]. The sizes for the

orresponding indices were calculated to be 34 and 30 nm for bare
pt and 24 and 21 nm for Apt in PAA–Apt indicating that the poly-
erization somehow diminished the mineral particles, if it was not
result of peak broadening due to the amorphous contribution of

AA. This predicts that adsorption of ions should increase due to
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ig. 1. The FT-IR spectra of PAA, Apt and PAA–Apt (a, b and c on the inside figure), X
CFA) and quartz (Q)] and SEM views of PAA, Apt and PAA–Apt (a–c).

he expansion of surface area to provide wider exposed sites for
dsorption.

SEM views of the composite and its components were the evi-
ence for the obvious change in PAA morphology by introduction of
pt. The morphology of PAA–Apt resembles a hybrid composition of

ts components. The dark colored textural appearances on PAA after
pt inclusion should be the impression of Apt crystallites (Fig. 1).

The BET values of studied materials were 17.4 and 8.3 m2 g−1 for
pt and PAA–Apt. PAA like polymers have small BET surface areas,
.g. 0.25 and 2 m2 g−1 [33,34], unless any specific procedure applied
o obtain porosity. The results of this investigation indicated that
pt had a wider BET value than PAA–Apt, but the composite even-

ually gained a significant surface area (porosity) in comparison to

AA. This should also be considered as an advantage in favor of
AA–Apt in view of its adsorptive features.

Eventual consequence of the IR, XRD patterns, SEM views and
ET results was homogeneous formation of the composite, i.e. the
niform dispersion of Apt in PAA.

m
T
P
d

ectra of Apt (lower spectrum) and PAA–Apt [apatite (APT), carbonate fluoroapatite

The magnitude of swelling was found to be 120% for Apt, 1350%
or PAA and 1400% for PAA–Apt. There was a slight increase for
AA–Apt in comparison to its individual components that might be
ttributed to the hydrophilic contribution of phosphate terminals
f Apt in PAA–Apt to PAA.

.2. Pb2+, UO2
2+ and Th4+ adsorption

Experimentally attained adsorption isotherms and their com-
atibility to Langmuir, Freundlich and DR models of Pb2+, UO2

2+

nd Th4+ were provided in Fig. 2. The parameters derived from the
odels were introduced in Table 1.

The adsorption capacities (XL, XF and XDR) obtained from the

odels were in the order of UO2
2+ > Th4+ > Pb2+ for Apt and

h4+ > Pb2+ > UO2
2+ for PAA–Apt. The sorption capacity of Apt in

AA significantly increased for Th4+ and Pb2+ but that drastically
ecreased for UO2

2+.
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Fig. 2. Compatibility of experimentally obtained adsorption isotherms to Langmuir, Freundlich (Q vs. Ce) and DR (Q vs. ε2) models.

Table 1
Langmuir, Freundlich and DR parameters for Pb2+, UO2

2+ and Th4+ adsorption on to Apt and PAA–Apt

Langmuir Freundlich DR

XL (mol kg−1) KL (L mol−1) R2 XF ˇ R2 XDR −KDR × 109 (mol2 K J−2) R2

Pb2+

Apt 0.28 677 0.949 1.49 2.8 0.930 0.60 5.7 0.974
PAA–Apt 0.81 1142 0.983 4.82 2.7 0.949 1.71 5.0 0.961

UO2
2+

Apt 1.33 149 0.977 35.8 1.3 0.980 3.85 10.7 0.965
PAA–Apt 0.69 3440 0.936 2.95 3.7 0.985 1.28 3.4 0.971

Th4+

Apt 0.41 408 0.967 5.6 1.7 0.921 2.2 9.7 0.975
PAA–Apt 1.27 405 0.979 17.3 17.3 0.939 5.4 8.2 0.988
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ig. 3. The FT-IR spectra of pure PAA–Apt (a), UO2
2+ (b), Th4+ (c) and Pb2+ (d)

dsorbed PAA–Apt.

The sequence of KL and KDR values, as a measure of the adsorp-
ion affinity was Pb2+ > Th4+ > UO2

2+ for Apt and UO2
2+ > Pb2+ > Th4+

or PAA–Apt in contrast to that of X and surface heterogeneity (ˇ)
alues. Th4+ had the smallest KL, but the highest X and ˇ. This was
ontributed to the effective ionic charge (radii/ionic charge) which
s in the sequence of UO2

2+ (253 pm/2) > Pb2+ (119 pm/2) > Th4+

94 pm/4). The smaller has the higher mobility in the solution and
n the hydrogel, for which the required energy for migration of
ons towards the adsorbent and transference to the active sites to
orm complex with active terminals and/or to exchange of (possi-
ly for Th4+ with Ca2+ with 100 pm/2 ionic charge) is expected to
e lower than the others. However, the decline in sorption capac-

ty for UO2
2+ with the highest ionic radius could be explained by
he fact that sterical hindrance of PAA network in PAA–Apt. The FT-
R spectra of the pure and ions adsorbed PAA–Apt were compared
n Fig. 3(a–d). There were distinguishable shrinks in all counters of
ure PAA–Apt after ion sorption. This was explained by the fact that
he formation of complex between ions and the active sites (mainly

3

p
t

Fig. 4. Temperature dependence of the adsorption.

hosphate terminals) that resulted in increasing in transmittance,
.e. the decreasing sorption of IR radiation. Furthermore, the slight
hifts and deformation in the peaks associated with PO4 groups in
pt were of evidences for the complex formations.

Any of the adsorption models, e.g. Langmuir can be used to
redict the design of single-stage batch adsorption systems [35].
or reducing of an ion concentration from initial Ci (mol L−1)
o the desired level (Ce); the amounts of adsorbent, W (kg)
equired to add in a volume of solution, V (L) can be calculated
rom W/V = (Ci − Ce)/(KLXLCe/(1 + KLCe)). For the solutions contain-
ng 5 × 10−4 mol L−1 (≈100 mg L−1) of Pb2+, UO2

2+ or Th4+, the
mounts of PAA-Apt for removal of any of the ions from 100% to
0–0.1% were estimated to be 0.3–0.5, 0.2–0.3 and 0.5–1 mg L−1 for
b2+, UO2

2+ and Th4+, respectively. Such low amounts should also
e considered as an evidence for the effectiveness of the proposed
dsorbent.
.3. Adsorption thermodynamics

1/T as a function of ln Kd was depicted in Fig. 4 to obtain tem-
erature dependence of the adsorption of the studied ions. The
hermodynamic parameters derived from the depictions and free
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Table 2
Thermodynamic parameters for Pb2+, UO2

2+ ve Th4+ adsorption onto Apt and PAA–Apt

�H (kJ mol−1) �S (J mol−1 K−1) �G (kJ mol−1) R2 EDR (kJ mol−1)

Pb2+

Apt 10.9 71 −10.3 0.868 9.2
PAA–Apt 6.4 65 −13.0 0.886 10.3

UO2
2+

Apt 4.3 56 −12.4 0.990 6.9
PAA–Apt 7.4 72 −14.0 0.996 13.0

T

e
T

i
m
a

�

F

h4+

Apt 1.6 44
PAA–Apt 1.4 52

nergy change (EDR) derived from DR model were introduced in

able 2.

The enthalpy and entropy changes were �H and �S > 0 for all
ons for both Apt and PAA–Apt, i.e. the overall process was endother-

ic and the randomness in the solid-solution interface increased
long with the adsorption process. Gibbs free enthalpy change was

�
o

o
p

ig. 5. Compatibility of Pb2+, UO2
2+ and Th4+ adsorption kinetics for Apt and PAA–Apt to
−11.5 0.980 6.9
−14.1 0.992 7.1

G < 0 indicating that the adsorption process was spontaneous. The

H and �G values also signified that the absorbability was in favor

f Th4+ for both adsorbents.
EDR ∼= 8 kJ mol−1 has been assumed as a threshold for definition

f the nature of adsorption; the physical forces such as diffusion
rocess is effective on sorption if EDR < 8 kJ mol−1, the process is

pseudo-second-order (t/Qt vs. t) and intraparticle diffusion (Qt vs. t0.5) models.
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Table 3
Kinetic parameters for Pb2+, UO2

2+ and Th4+ adsorption onto Apt and PAA–Apt

Pseudo-second-order kinetic Intrapartical diffusion

k (mol−1 kg min−1) QMod (mol kg−1) Qe (mol kg−1) H (mol kg−1 min−1) R2 ki × 104 (mol kg−1 min0.5) R2

Pb2+

Apt 10.6 0.15 0.16 0.24 0.999 8.3 0.968
PAA–Apt 3.35 0.55 0.55 1.00 0.999 10.2 0.990

UO2
2+

Apt 0.24 0.21 0.18 0.01 0.965 1.8 0.798
PAA–Apt 0.16 0.47 0.53 0.03 0.979 14.8 0.911

T

t
c
i
c
P
b
s

3

k
e
t

s
c
e
t
t
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t
d
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t
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3.6. Chemical nature of adsorption

1. Investigations with Apt minerals demonstrated that they
had high retaining capacity for a large numbers of cations

Table 4
Metal selectivity of Apt and PAA–Apt from solutions containing possible combina-
tions of studied ions at equivalent concentrations (5 × 10−3 mol L−1)

Combinations Adsorption (%)

Apt PAA–Apt

Pb2+, UO2
2+and Th4+

Pb2+ 86a (42)b 93 (51)
UO2

2+ 82 (40) 40 (22)
Th4+ 36 (18) 49 (27)

Pb2+ and UO2
2+

Pb2+ 85 (63) 94 (67)
UO2

2+ 50 (37) 47 (33)

Pb2+ and Th4+

Pb2+ 39 (48) 28 (33)
Th4+ 42 (52) 56 (67)
h4+

Apt 0.44 0.18 0.16
PAA–Apt 0.55 0.53 0.49

he ion exchange other vice [36,37]. The EDR values were high or
lose to the threshold. Evaluation of EDR and �G values together
ndicated that the sorption process is either the ion exchange or
omplex formation but it is chemical. The rise in EDR of UO2

2+ for
AA–Apt in comparison to that for Apt was also an evidence for the
arrier effect of PAA to UO2

2+ ions on reaching to the adsorptive
ites on Apt.

.4. Kinetics of adsorption

The compatibility of experimental data to the second-order
inetics and intraparticle diffusion models were evaluated with ref-
rence to the statistical significance of linearity obtained from t to
/Qt and t0.5 to Qt plots (Fig. 5).

The rate controlling mechanism is chemical processes if the
econd-order model provides a statistically meaningful regression
oefficient [31,37]. Beside this, the values of adsorbed amounts at
quilibrium obtained from the model (QMod) should also be close
o that obtained from the experiment (Qe). The results of this inves-
igation were well compatible to the second-order model (p < 0.01)
nd provided QMod close to Qe values. These findings (Table 3) even-
ually confirmed that the nature of adsorption was concentration
ependent so that the rate-controlling step is chemical sorption via
omplex formation and/or ion exchange.

The linear curve obtained from t0.5 to Qt plot should pass
hrough the origin, if the adsorption is diffusion controlled. The
lots obtained from this investigation was not provided intercepts
t origin but provided a curve that could be evaluated in two linear
arts; the one with a steep rise and the other with a lower slope
esembling a plateau. The former defines the initial rapid uptake by
he boundary layer effects whilst the latter is associated with the
ntraparticle diffusion taking place after the completion of external
urface coverage by the former process [13]. The significant increase
n both initial adsorption (H) and intraparticle diffusion (ki) in favor
f PAA–Apt for all studied ions should also be evidences for the
xpansion of adsorptive surfaces of Apt dispersed in PAA network
nabling a faster uptake by the surface and transfer of ions towards
nner active sites. Indeed, the time required for completion of the
dsorption process was mainly 30 min.

.5. Ion selectivity and reusability

The results of ion selectivity of the adsorbent in the presence
f the ions with all possible combinations at equivalent concen-
rations (5 × 10−3 mol L−1) were provided in Table 4. Both Apt and

AA–Apt had the highest affinity to Pb2+ in the presence of UO2

2+

nd of both UO2
2+ and Th4+. This can also be explained by the effects

f the effective ionic charge and the parameters related to the affin-
ty of Pb2+ to the adsorbents (KL and ˇ, see Table 1) together with
he ionic strength of the medium; it appears that all were in favor of

U

0.01 0.975 1.2 0.976
0.05 0.989 26.9 0.908

b2+. Apt was not selective for Th4+ or Pb2+ but PAA–Apt was consid-
rably selective for Th4+ in the presence of this couple, which should
gain be related to the effective ionic charge. The barrier effect of
AA in PAA–Apt was also obviously seen for the other possible com-
ination, the adsorbed amounts from solutions containing UO2

2+

nd Th4+ were 85 and 33% for Apt, whilst those were 43 and 55%
or PAA–Apt.

The reusability feature of Apt and PAA–Apt was tested for Pb2+

or four regenerations in a total of five uses. The means and its
S.E.M. of the percentage adsorption of the ion onto the adsorbents
nd the regeneration efficiency obtained from the four follow-
ng uses after the first were 38.4 ± 0.4% and 97 ± 1% for Apt and
3.2 ± 0.7% and 98 ± 1% for PAA–Apt. The values of means were not
ignificantly different from the values of their first use; 39.6 and
4.6% assumed to be 100% (p < 0.05). The IR spectra obtained before
nd after reuses provided no evidence signifying any changes in the
tructures. Storage foregoing had also no effect on the structural
tability.

After emphasizing the above mentioned adsorptive features, the
orption capacity of the composite together with that of Apt for the
ons of interest were compared with those extracted from litera-
ure in Table 5. The comparison obviously showed that PAA–Apt
hould be considered amongst the favorite adsorbents besides its
ost effectiveness.
O2
2+and Th4+

UO2
2+ 85 (72) 43 (44)

Th4+ 33 (28) 55 (56)

a As percentage of the amount of ion added to the solution.
b As percentage of total ion adsorption onto the adsorbent.
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Table 5
Comparison of Pb2+, UO2

2+ and Th4+ adsorption capacities of various adsorbents extracted from literature

Adsorbent X (mol kg−1) Reference

Pb2+

Apt and PAA–Apt 0.28; 0.81 This study
Calcined phosphate 0.41 [38]
Natural and activated phosphate 0.56; 0.75 [39]
Zirconium(IV) phosphate chemically grafted onto silica gel 0.01 [40]
Crosslinked carboxymethyl-chitosan 1.89 [41]
Chitosan granules functionalized with poly(acrylic acid) 1.42 [42]
Xanthated, phosphorylated and natural chitin 1.41; 1.20; 1.14 [43]
Chitosan (Ch) and PAA–Ch composite 0.38; 0.84 [34]
Microporous titanosilicate 1.12 [44]
Poly(ethylenimine) coated onto silica gels 0.60 [45]
Bentonite (B), zeolite (Z) and PAA-B and PAA-Z composites 0.16; 0.28; 0.18; 1.65 [23]
Carbon nanotubes 0.14 [46]
Palm kernel fiber 0.28 [47]
Poly(phenylenediamine) microparticles 0.88 [2]
Co-polymer of styrene and divinyl-benzeneTM 2.11 [48]

UO2
2+

Apt and PAA–Apt 1.33; 0.69 This study
Polyacrylonitryl–synthetic and natural zeolite composites 0.38; 0.37 [49]
Non-pretreated, protonated and Ca-pretreated algae 0.83; 1.19; 1.70 [50]
Chitosan-coated perlite 0.55 [51]
Chitosan (Ch) and PAA–Ch composite 0.14; 0.27 [34]
Calcined diatomite 0.40 [52]
Methacryloylamidoglutamic acid functionalized poly(2-hydroxyethyl methacrylate) beads 0.76 [53]
Poly(N-vinyl 2-pyrrolidone-g-citric acid) hydrogels 0.58 [54]
Manganese oxide coated zeolite 0.06 [55]
PAA–bentonite composite and its modification by phytic acid 0.19; 0.11 [22]

Th4+

Apt and PAA–Apt 0.41; 1.27 This study
Polyacrylonitryl–synthetic and natural zeolite composites 1.61; 1.52 [49]

2

4

m
A

h
o

L
p
i
w
b

Activated carbon, natural and synthetic zeolite
Myrica rubra and larch tannins immobilized onto collagen fibers
Titanium phosphate
Chitosan (Ch) and PAA–Ch composite

via three processes namely; isomorphous substitutions and
diffusion, complexation reactions with functional groups of
the surface, and the formation of insoluble compounds via
dissolution–precipitation [5,10,14,16]. The results of this inves-
tigation suggest that the most possible mechanism is the com-
plexation reactions, for which the increase in adsorption capacity
and spontaneity as a result of the expansion of adsorptive sur-
face due to the dispersion of Apt in PAA, and the reusability after
reconditioning of the adsorbents with HCl were evidences.

. According to Smiciklas et al. [13], the initial and final pH remains
unchanged when a metal sorption occurs in solutions with ini-
tial pH in the range of 4–10 since Apt buffers aqueous solutions
with reference to the following reactions:

≡ PO− + H+ ↔ ≡ POH0

≡ CaOH2
+ ↔ ≡ CaOH0 + H+

The study performed for pH dependence of adsorption for
the range of 1–5 indicated that the adsorption increases with
increasing pH and reached maximum at around pH 4. The low
adsorption at pH 1–3 should be associated with the repulsive
forces between the metal ions and positively charged (proto-
nated) adsorptive surface, after which the buffering mechanism
dominates at pH 4 and its beyond. However, the range of pH

values obtained from the studies for adsorption isotherms were
always 3–5 at initial and reached to constancy providing a
range of 4–5 immediately after adsorbent/solution contact and
remained unchanged. By considering that the major species
of the studied ions in solutions with these pH ranges are Pb2+,

a
e
T
i

1.18; 0.85; 2.82 [56]
0.32; 0.08 [57]
0.35 [58]
0.39; 1.53 [34]

UO2
2+ and Th4+ [5,59,60] and ≡POH is the predominant form

for the surface sorption on the based of the models postulated
by Simon et al. [11] and Wu et al. [61] for Pb2+ and UO2

2+,
the chemical nature of adsorption should consequently be
generalized for also Th4+ and given in the following reactions:

≡ OH + MZ+ ↔ ≡ O–M(Z+)−1 + H+

≡ O3P–OH+ + MZ+ ↔ ≡ O3P–O–M(Z+)−1 + H+

. Conclusion

In this study, the preparation and characterization of PAA–Apt
icro-composite and its comparative adsorptive features with bare
pt were investigated for Pb2+, UO2

2+ and Th4+.
The FT-IR, XRD and SEM analysis showed that PAA–Apt had a

ybrid composition of PAA and Apt resembling colloidal dispersion
f one solid phase (Apt) in another.

Experimentally obtained isotherms were well compatible to
angmuir, Freundlich and DR models, from which the derived
arameters were confirmed each other. Adsorption capacity of Apt

n PAA was higher than that of bare Apt for Pb2+and Th4+, whilst it
as lower for UO2

2+. The spontaneity of adsorption increased for
oth Pb2+and UO2

2+ but unchanged for Th4+.

The values of enthalpy and entropy changes were positive for

ll studied ions for both Apt and PAA–Apt. The negative free
nthalpy change was evidence for the spontaneity of adsorption.
he compatibility of adsorption kinetics to the second order and
ntraparticle diffusion models implied that the rate controlling step
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as concentration dependent, i.e. the sorption process was chemi-
al that followed by intraparticle diffusion. The chemical nature of
he adsorption for all studied ions was consistent with both ther-

odynamic parameters and the free energy changed obtained from
R model.

Both Apt and PAA–Apt had the highest affinity to Pb2+ in the
resence of the other two ions. The regeneration tests for Apt and
AA–Apt for Pb2+ for five uses proved that the adsorbents can be
eused after complete recovery of the loaded ion.

In consequence, the use of Apt in the composite form signifi-
antly enhanced the adsorptive features of Apt.
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35] M. Doğan, M. Alkan, Removal of methyl violet from aqueous solution by perlite,
J. Colloid Interface Sci. 267 (2003) 32–41.

36] B.S. Krishna, D.S.R. Murty, B.S. Jai Prakash, Thermodynamics of chromium(VI)
anionic species sorption onto surfactant-modified montmorillonite clay, J. Col-
loid Interface Sci. 229 (2000) 230–236.

37] A.R. Cestari, V.F. Eunice, C.R.S. Mottos, Thermodynamics of the Cu (II) adsorption
on thin vanillin-modified chitosan membranes, J. Chem. Thermodyn. 38 (2006)
1092–1099.

38] A. Aklil, M. Mouflihb, 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.

39] M. Mouflih, A. Aklil, S. Sebti, Removal of lead from aqueous solutions by acti-
vated phosphate, J. Hazard. Mater. B 119 (2005) 183–188.

40] N. Nagata, L.T. Kubota, M.I.M.S. Bueno, P.G. Peralta-Zamora, Adsorption
parameters of Cd(II), Pb(II), and Hg(II) on zirconium(IV) phosphate chem-
ically grafted onto silica gel surface, J. Colloid Interface Sci. 200 (1998)
121–125.

41] S. Sun, L. Wang, A. Wang, Adsorption properties of crosslinked carboxymethyl-
chitosan resin with Pb(II) as template ions, J. Hazard. Mater. B 136 (2006)
930–937.

42] N. Li, R. Bai, Highly enhanced adsorption of lead ions on chitosan granules
functionalized with poly(acrylic acid), Ind. Eng. Chem. Res. 45 (2006) 7897–
7904.

43] S.H. Kim, H. Song, G.M. Nisola, J. Ahn, M.M. Galera, C.H. Lee, W.J. Chung, Adsorp-
tion of lead(II) ions using surface-modified chitins, J. Ind. Eng. Chem. 12 (2006)
469–475.

44] G.X.S. Zhao, J.L. Lee, P.A. Chia, Unusual adsorption properties of microp-
orous titanosilicate ETS-10 toward heavy metal lead, Langmuir 19 (2003)
1977–1979.

45] M.L. Delacour, E. Gaılliez, M. Bacquet, M. Morcellet, Poly(ethylenimine) coated
onto silica gels: adsorption capacity toward lead and mercury, J. Appl. Polym.
Sci. 73 (1999) 899–906.

46] Y.-H. Li, S. Wang, J. Wei, X. Zhang, C. Xu, Z. Luan, D. Wu, B. Wei, Lead adsorption
on carbon nanotubes, Chem. Phys. Lett. 357 (2002) 263–266.

47] Y.S. Ho, A.E. Ofomaja, Pseudo-second-order model for lead ion sorption from
aqueous solutions onto palm kernel fiber, J. Hazard. Mater. B 129 (2006)
137–142.

48] M.H. Entezari, T.R. Bastami, Sono-sorption as a new method for the removal of
lead ion from aqueous solution, J. Hazard. Mater. B 137 (2006) 959–964.

49] S. Akyil, M. Eral, Preparation of composite adsorbents and their characteristics,
J. Radioanal. Nucl. Chem. 266 (2005) 89–93.

50] M.H. Khani, A.R. Keshtkar, B. Meysami, M.F. Zarea, R. Jalali, Biosorption of ura-
nium from aqueous solutions by nonliving biomass of marine algae cystoseira
indica, J. Electron. Biotechnol. 9 (2006) 100–106.

51] S. Hasan, T.K. Ghosh, M.A. Prelas, D.S. Viswanath, V.M. Boddu, Adsorption of
uranium on a novel bioadsorbent-chitosan-coated perlite, Nucl. Technol. 159
(2007) 59–71.
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