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Lead removal by polyacrylamide-bentonite and zeolite
composites: Effect of phytic acid immobilization

Ulvi Ulusoy∗, Selçuk Şimşek
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Abstract

Polyacrylamide (PAA)-bentonite (B) and zeolite (Z) composites were prepared by direct polymerization of PAA in suspensions of B
and Z. Phytate (Phy) immobilized onto the composites to obtain their Phy modifications. FT-IR and XRD were employed to characterize
their structures. The sorption of Pb2+ from various adsorption media onto the composites was then investigated. The reusability and storage
characteristics of the adsorbents with and without Phy were also considered for Pb2+ adsorption.

All isotherms were L and H type of the Giles classification. The Phy adsorption capacities (XM) of PAA-B and Z lower than those of bare
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and Z due to their surface coverage by PAA. The Phy modification decreased the Pb2+ adsorption capacities of B and PAA-B but ascen
hose of Z and PAA-Z. However, Phy significantly increased the Langmuir equilibrium constants (KL) for all adsorbents. Ionic strength of t
dsorption media was favorable for the adsorption capacity of PAA-B while not for that of PAA-Z. The chemical structure of the co
as not changed after five reuses and the storage foregoing.
It is foreseen that the use of PAA-B and PAA-Z and their Phy modifications will provide practicality and effectiveness for Pb2+ separation

nd removal procedures. TheXM (mol kg−1) andKL (L mol−1) values for Pb2+ adsorption from a model solution were 0.16 and 3625
AA-B, 0.18 and 5.1× 105 for PAA-B-Phy, 0.28 and 13210 for PAA-Z and 1.65 and 2.0× 105 for PAA-Z-Phy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lead is potentially very toxic to mammals and aquatic
ives by its presence in the environment as a result of extensive
nd wide applications of mining, chemical, electroplating,
etroleum refining, paper and pulp industries. For this reason,

he remediation treatment and removal of lead in waste and
ontaminated water have been a major concern of process
ndustries[1–3].

The adsorption processes are generally known to be one of
he most effective techniques for removal of environmentally
azardous metals. Adsorbents with strong affinity and high

oading capacity for targeted metal ions have been developed
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by modifications of the surface of various substrates,
as polymers and clays with metal complexing groups[4–6].
Whilst synthetic ion-exchange resins are expensive to u
a large scale, natural materials such as clay and zeoli
classified amongst the low-cost adsorbents[7–9]. The min-
eralogical and physicochemical features of clay and ze
are considered to be the basis for their immense impor
in separation, ion exchange and catalysis.

Zeolite minerals are infinitely extending tetrahedral
work of aluminium oxide and silicon silicates (aluminos
cates) linked together by corner-sharing oxygens. The t
hedra are arranged in interconnecting channels and ape
permeate the crystalline structure. Montmorillonite (b
tonite), as the interest of this investigation is a membe
the smectite type clay, which is 2:1 type of aluminosilic
Its crystalline structure presents an alumina octahedral
between two tetrahedral layers of silica. The substitutio
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the Al3+ for the Si4+ in the tetrahedral structures of zeolite and
montmorillonite, and that of divalent cation for Al3+ in the
octahedral sheet of montmorillonite causes residual negative
charges. These are neutralized by the electrostatic adsorption
of alkali and alkali earth cations. These are free to exchange
with other cationic ions, as a measure of cation exchange
capacity (CEC) of a given clay or zeolite mineral[10,11].

The aggregation and coagulation of zeolite and clay parti-
cles under varying conditions of temperature and electrolytes
lead variations in flow properties of these minerals. This is
an undesired feature for their practical use as adsorbents
[10–12]. Having a composite of a mineral and a polymer,
in which the mineral dispersed in the polymer network may
enable the use of mineral itself as an adsorbent confined in an
isolated and practically usable medium in aquatic solutions.
Beside this, the particles embedded in a network strengthen
the gel and prevent its collapse in bad solvents. The enhance-
ment in adsorptive features of the mineral can also be possible
with additional surface modifications.

Phytic acid, a hexaphosphate-substituted inositol ring
compound is a renewable resource. It is a water soluble,
ubiquitous plant product readily available in large quan-
tities. Phytic acid has 12 replaceable protons, of these 6
are strongly dissociable. Therefore, it exists as a negatively
charged molecule over a wide pH range. With this feature, it
has a high affinity to form phytate complexes with positively
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ity of adsorption isotherms to the Langmuir and Freundlich
models.

2. Experimental

2.1. Reagents

Na-montmorillonite (bentonite) in 98% purity (with a uni-
valent CEC of 0.8 mol kg−1), N,N′-methylenebisacrylamide,
N,N,N′,N′-tetramethylethylenediamine and Na-Phytate
(Inositol hexaphosphoric acid, as dodecasodium salt;
C6H6O24P6Na12) and 4-(2-pyridylazo) resorcinol (PAR)
were purchased from Sigma. Amersham and Fluka were the
suppliers of AA monomer and YCl3·6H2O. All chemicals
used were of analytical reagent grade.

Zeolite was obtained from Central North Anatolian occur-
rences associated with Eocene submarine volcanism[21].
The certified chemical composition of zeolite is provided
in Table 1. The mineral is composed of∼90% zeolite, as
clinoptilolite{(Na,K)6·[Al 6Si30O72]·24H2O}and mordenite
{Na3KCa2·[Al 8Si40O96]·28H2O}, 5% kuartz, 5% feldspar
and smectite in trace level. The ratio of SiO2/Al2O3 is 4.7,
which suggests that the zeolite is clinoptilolite with reference
to the classification of International Mineralogical Associa-
tion [11]. The univalent CEC of zeolite was 1.64 mol kg−1
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harged multivalent metal cations[13–15]. For this reason
hytic acid should be used as an adsorbent with its imm

ized form on a solid support. The immobilized phytic a
hould be stable and have a good adsorption capacity w
reasonable pH range[16,17].
By considering the features mentioned above, prepar

f a composite of bentonite (B) or zeolite (Z) with a polym
hould provide a useful material for adsorption studies. A
ionally, phytic acid (Phy) modifications should enhance
dsorptive features of the composites. However, the pra
pplicability of this approach was shown for the compo
f B with polyacrylamide (PAA), PAA-B, for adsorption
e3+, Zn2+ and UO2

2+ [18]. The application was also co
rmed for adsorption of naturally occurring radionuclide
mol L−1 levels, including212Pb[19,20]. The results of bot
tudy suggested that the composites of B and Z with
hould be effectively used in studies of Pb2+ adsorption.

The concerns of this investigation are divided into th
arts: first, to introduce preparation and characterizatio
AA-B/Z composites. Second, to investigate the adsorp
f Phy onto the B, Z, PAA-B and PAA-Z prior to obtain t
hy modified composites. Third, due to the specific in
st of phytic acid and its relevance to divalent cations,
lso environmental importance of Pb2+, to inspect the pract
al usability of these composites and their Phy modificat
n adsorption of Pb2+ in various aquatic media. Addition
onsiderations were also given to the reusability and sto
apability of the composites in Pb2+ adsorption. The adsor
ive features of the studied adsorbents were evaluated o
ase of adsorption parameters derived from the compa
22]. The total univalent charge exchange capacity
Na + K)/Ca of Z were calculated to be 3.68 mol kg−1 and
.4[23].

The zeolite rocks were crashed, ground and sieved to
esh size. No pre-treatment was applied to the chem

lay and zeolite. All experiments were always performe
uplicates.

.2. Preparation of composites

PAA-B or PAA-Z was prepared by direct polymerizat
f AA monomer in the clay and zeolite suspensions[18].
he final composition of the composites had 2:1 mass
f PAA to the clay and zeolite. The gels were dried at amb

emperature, ground and sieved to a particle size 1 mm
tored in a container. One batch for each of PAA-B or PA
as prepared at once to conduct the overall investigatio
FT-IR (Mattson 1000, UK) was employed to estim

hemical structure of B, Z and their composites while X
Philips, Type PW 1140/00, using Cu K� radiation, a pro

able 1
hemical composition of the studied zeolite, % (certified by IMO Gmb

iO2 71.89 K2O 0.57
l2O3 15.16 TiO2 0.36
aO 6.51 BaO 0.1
e2O3 1.80 P2O5 0.08
gO 1.80 MnO 0.05
a2O 1.06
rO 0.59 Total 100.0
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portional counter, 2θ/min scan rate) was used for powder
diffraction.

The swelling features of B, Z, PAA, PAA-B and PAA-Z
were compared. Dry samples (0.1 g) were let to swell in water
and the swelling ratio was calculated with reference to the dry
weights.

2.3. Phytate adsorption

In studies of Phy adsorption, 0.1 g of B, Z, PAA-B
and PAA-Z were added on 10 mL of phytate solutions
at concentrations within the range from 1.0× 10−3 to
2.0× 10−3 mol L−1. The pH values of solutions were at 9–11.
The adsorbent–solution systems were equilibrated for 24 h at
298 K in a thermostatic water bath, the suspensions were then
centrifuged at 3000 rpm for 10 min. The metal-dye detec-
tion method described by Laussmann et al.[24] was used for
Phy determination in the supernatants. The required amount
for 0.7 mol L−1 of Tris was dissolved in water and the pH
was adjusted to 8–9 with addition of HCl. The complexing
reagent was prepared to provide 3.5× 10−3 mol L−1 of PAR
and 6× 10−5 mol L−1 of Y3+ in the Tris–HCl solution. A
50�L fraction of supernatant was added on to 3 mL of the
PAR reagent. Absorbance of the formed complex was mea-
sured at 510 nm by means of a UV–vis spectrophotometer
(Shimadzu-160A, Japan).
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of 4–5, which was well below the precipitation pH level of
Pb2+, pH > 6.5[4].

The metal-dye detection procedure provided by Lauss-
mann et al.[24] was modified for Pb2+ determination in
supernatants from the model and CaCl2 solutions. Pb2+ was
utilized as the complexing metal instead of Y3+ used in the
Laussmann’s procedure. A solution of 3.5× 10−3 mol L−1

of PAR in 0.7 mol L−1 of Tris–HCl at pH 8–9 was prepared.
A 50�L fraction of supernatant was added onto 3 mL of the
reagent and the absorbance of the formed metal complex was
measured at 550 nm.

A gamma spectrometer [NAI(Tl) detector combined with
a EG&G ORTEC multi-channel analyzer and software,
MAESTRO 32, MCA Emulator, USA] was employed for
determination Pb2+ in supernatants obtained from the study
with leachate. The adsorbed amounts were calculated by
comparing the specific activity at 238.6 keV of212Pb (tracer)
in supernatants with that in the leachate not interacted with
the adsorbents.

2.5. Reusability and storage capability

The reusability and storage capability of PAA-Z and PAA-
Z-Phy were tested for adsorption of Pb2+ from the model and
leachate added solutions. The B composites were not studied,
since their features were previously considered for adsorption
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In preparation of Phy immobilized B, Z, PAA-B and PA
composites prior to Pb2+ adsorption studies, the adsorpt
rocedure was repeated for replicates of 0.1 g of each
le with 10 mL of Phy solution at a constant concentra
4.5× 10−3 mol L−1). The Phy immobilized samples we
hen washed by distilled water until the water conducti
as attained and kept for further use in Pb2+ adsorption stud

es. The washing treatment did not cause de-sorption of
he chemical structure of B, Z, PAA-B, PAA-Z and their P
odifications was characterized by means of the FT-IR

.4. Pb2+ adsorption

Adsorptive features of the adsorbents was investigate
b2+ in three different solution environments: a model s

ion (water containing Pb2+ as single cation), a 0.01 mol L−1

aCl2 and a solution containing leachate with 10 mg m−1

f dissolved solid (equivalence amount to the solid c
ent of 0.01 M CaCl2). The leaching solution was obtain
rom a regional fluorite sample containing naturally occur
adioactive212Pb at secular equilibrium with232Th, which
as used as the tracer for measurement of Pb2+ adsorption
he adsorption onto bare B and Z and their Phy modifica
as only considered for the leachate added solution.
Adsorbents (0.1 g) in the studied solutions were e

ibrated with 10 mL of Pb2+ at concentrations withi
he range from 0.1× 10−3 to 10× 10−3 mol L−1. The
dsorbent–solution systems were subjected to the proce
escribed for the Phy adsorption study. The initial and
H values of Pb2+ solutions were always within the ran
f Fe3+ [18].
To test of reusability, five duplicates of 0.1 g sample

olypropylene columns (H = 10 cm,Φ = 1 cm) were equili
rated with 10 mL of 5× 10−3 mol L−1 Pb2+ for 24 h and the
upernatants were discharged. The contents of columns
luted with 5 mL fractions of 20 mL of 1 mol L−1 HCl and

he columns were then washed with distilled water until
ffluents had a neutral pH. The Pb2+ contents of the effluen
HCl) were determined. Each column was subjected to
ame procedure for five sequential times.

For the storage ability, duplicates of the samples were
ected to the Pb2+ adsorption procedure for one use fo

onth with a week interval.

.6. Data evaluation

The amount of adsorption of Phy and Pb2+ (Q, mol kg−1)
ere calculated fromQ = [(Ci − Ce)V/w], where Ci and
e are the initial and equilibrium concentrations of
tudied ions (mol L−1), w is the mass of adsorbe
kg) and V is the solution volume (L). The Langmu
Q = (KLXLCe)/(1 +KLCe)] and Freundlich (Q = aCe

β) mod-
ls were fit to the isotherms experimentally obtained, w
L is the monolayer sorption capacity (mol kg−1), KL is

he adsorption equilibrium constant (L mol−1) related to the
ibbs free energy change,�G =−RT ln KL (R is ideal gas
onstant, 8.314 J mol−1 K−1 andT is the absolute temper
ure, 298 K). ‘a’ and ‘β’ are empirical Freundlich constan

A t-test was applied to obtain the significance of regres
oefficients (r) calculated from the compatibility of expe
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Fig. 1. FT-IR spectra of Z (a), PAA-Z (b), Phy (c) and PAA-Z-Phy (d).

mental data to the Langmuir and Freundlich models;p < 0.01
was considered as the threshold for the significance[25].

3. Results and discussion

3.1. Structural evaluation

The IR spectra of Z, PAA-Z and PAA-Z-Phy with same
amount Z contents and of Phy are provided inFig. 1a–d. The
broad appearance at 3500 cm−1 in all spectra was of OH
stretches. The counters within the range 1000–1700 cm−1

and 400–700 cm−1 were of silicates in Z. The peaks at 3200
and 1700 cm−1 of C O of amide and 2900 cm−1 of C H
were of PAA and PAA of PAA-Z (Fig. 1a and b). From the
comparison ofFig. 1b and c with d, it can be postulated that

Fig. 2. XRD spectra of Z (lower spectrum) and PAA-Z [Clinoptilolite (C),
Mordenite (M), Clay (CL), Kuartz (Q) and Feldspar (F) are the main com-
position of Z].

the inclusion of Phy to the composite is as hydrogen bond
formations between P–OH of Phy and Si–OH and Al–OH
of Z for which the declines at 2500 cm−1 for Si–OH and
800 cm−1 of Al–OH and the absence of the broad band around
2350–2400 cm−1 of P-OH were evidences[26–29].

Fig. 2shows the XRD pattern of Z and PAA-Z. There was
no shift in any of diffraction peaks. The intense increase in
background of PAA-Z was due to the amorphous nature of
PAA. In consequent, the IR spectra and XRD patterns of Z
and PAA-Z defined that the zeolite particles were uniformly
dispersed in polymer. The interfacial interaction between
PAA and Z was the binding formation between PAA and the
siloxane oxygen atoms or hydroxylated edge sites of zeolite.
Polymer sorption into channels and holes of zeolite should
also be possible[5,30,31]. The structural evaluation of B and
its composite were provided in the early communication[18]
in which where the similar features were reported also for B
and PAA-B with the difference of intercalation of clay layers
by PAA.

The magnitude of swelling was 1400% for PAA and PAA-
Z, 200% for Z, 1700% for PAA-B and 1150% for B. The
swelling of PAA-B was higher than that of PAA-Z despite
the fact that B or Z contents of the composites were the same
(1/3 of dry weights). The tendency to adsorb water of PAA-B
increased due to de-lamination and surface modification of
its clay component[12]. There was no such effect for PAA-Z,
s her

Table 2
Langmuir and Freundlich parameters obtained for Phy adsorption onto B, PA

Composite Langmuir

XL (mol kg−1) KL (L mol−1) �G (kJ

Bb 0.04 29800 −25.5 1
PAA-Bb 0.03 1440 −18.0 9
Z 0.12 1818 −18.6 4
PAA-Z 0.05 3282 −20.1 8

a dlich fi
All coefficients of variations calculated for the Langmuir and Freun
b Data obtained from previous study[18].
ince the swelling of Z is associated with its Si/Al, the hig

A-B, Z and PAA-Z

Freundlich

mol−1) R2a a β R2a

0.966 0.08 0.12 0.94
0.978 1.02 0.60 0.93
0.994 2.95 0.54 0.96
0.912 0.62 0.42 0.99

ts are significant atp < 0.01.
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ratio provides a higher degree of hydrophobicity[27]. The
ratio for Z was 4/1 so that its swelling was low.

3.2. Phytate adsorption

The results for Phy adsorption onto Z and PAA-Z and
their compatibility to the Langmuir and Freundlich models
are compared with the previous results of B and PAA-B[18]
in Fig. 3. Table 2provides the parameters derived from the
model fits. The shape of isotherms corresponds to the high
affinity class (L and H type) of the Giles classification, i.e. the
adsorption has a chemical character. The adsorption hyper-
bolically increases with increasing concentration. The steep
rise at the beginning lowers gradually and reaches a plateau
defining the completion of filling the monolayer adsorption
capacity (XL).

The values ofXL of B, Z and PAA-B/Z were in the order of
Z > B > PAA-Z > PAA-B. The adsorbed amounts declined for
the composites. Despite the fact that both composites had the
same mass fraction of B or Z, the degree of decline was more
effective on Z’s. This asserts that the Phy adsorption occurred
only on active sites of Z surface because of the molecule size
of Phy is large to insert in the channels of zeolite with size
up to ca. 1 nm[32]. Number of active adsorption sites in
Z surface decreased by the surface coverage of PAA, whilst
s nsion
o
i

F
o

Fig. 4. Isotherms with Langmuir and Freundlich fits for adsorption of Pb2+

from Pb(CH3COO)2 in the model solution onto PAA-B, PAA-Z and their
Phy modifications.

The �G values as the measure of spontaneity of Phy
adsorption declined in the order of B > PAA-B and PAA-
Z > Z as the same sequence withKL, as expected. As inversely
related to the water affinity of Z, the adsorption preference of
Phy onto Z was higher than that onto B. Water molecules at
contact with the solid surface declined the kinetics of molec-
ular Phy transfer to Z surface, this transfer was catalyzed by
PAA in PAA-Z, in contrast to the case in B, since both B
and PAA had highly hydrophilic characters so that Phy suf-
fered competition with water molecules. There was not any
systematic relation between the Langmuir and Freundlich
parameters.

From the preparation of Phy modified adsorbents,
the immobilized amounts of Phy were found to be
40× 10−3 mol kg−1 for B, 15× 10−3 mol kg−1 for PAA-B,
80× 10−3 mol kg−1 for Z and 30× 10−3 mol kg−1 for
PAA-Z.

3.3. Pb2+ adsorption

The isotherms for adsorption of Pb2+ from the model and
CaCl2 solutions onto the composites and their Phy modifica-
tions are depicted inFigs. 4 and 5. The adsorptions from the
leachate added solution onto bare B, Z and the composites
with and without Phy are compared inFig. 6. All isotherms
uch residential hindrance was compensated by the expa
f plane layers with strong hydration of interlayer Na+ ions

n B of PAA-B.
ig. 3. Isotherms with Langmuir and Freundlich fits for adsorption of phytate
nto B, PAA-B (obtained from ref.[18]), Z and PAA-Z.

w hat
t b
ere in L and H types of Giles classification signifying t
he adsorbents were high affinity class of materials for P2+
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Fig. 5. Isotherms with Langmuir and Freundlich fits for adsorption of Pb2+

from Pb(CH3COO)2 in 0.01 mol L−1 of CaCl2 onto PAA-B, PAA-Z and
their Phy modifications.

adsorption. The parameters derived from the compatibility of
the Langmuir and Freundlich models to the data are provided
in Table 3.

Pb2+ adsorption was dependent to CEC of B and Z, and
the adsorption environments. TheXL values of the compos-
ites was in the sequence of PAA-Z > PAA-B in the model
solution as accordant with the univalent CEC values of Z and
B. The sequence turned in favor of PAA-B in both CaCl2
and leachate added solutions, and that was also of bare B
compared to Z in the leachate. The change was attributable
to the increase in the ionic strength of adsorption media; in
fact, PAA-B in the CaCl2 solution had the highestXL value.
PAA-B in the leachate had a lower capacity compared to
that in the CaCl2 solution, but the value was still about the
same with that in the model solution, despite the fact that
the leachate contained many competing ions with Pb2+. Sim-
ilar trend was also observed for PAA-B-Phy along with the
adsorptive media. The increase of the counter ions had inverse
effect on adsorption onto Z and its composite with and with-
out Phy; the sequence ofXL values for the composites with
and without Phy was Model > CaCl2 > leachate. This shows
that the affinity of Z to the competing ions such as Ca2+ was
higher than that to Pb2+, i.e. the trend of Pb2+ selectivity of
B and its composite without Phy is higher than that of Z and
its composite. In the absence of Phy, theKL values obtained
for Z and PAA-Z for each adsorption media were higher than
t sorp-

Fig. 6. Isotherms with Langmuir and Freundlich fits for adsorption of Pb2+

from Pb(CH3COO)2 in the leachate added solution onto B (I) and Z (II) and
their PAA composites with and without Phy modifications.

tion section, this should also be explained by the fact that the
affinity difference between B and Z to water molecules.

The Phy modification lowered or not much changed the
adsorption capacities of B and PAA-B, but significantly
enhanced those of Z and PAA-Z. Samba-Fouala et al.[29]
postulated that the insertion of phytic acid into clay layers
caused cross-linking at the silicon atoms and condensation
reactions between silicon and phosphorus atoms of clay and
hose of B and its composite. As discussed in the Phy ad
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Table 3
Langmuir and Freundlich parameters obtained for adsorption of Pb2+ in various solutions onto B, B-Phy, Z, Z-Phy PAA-B, PAA-B-Phy, PAA-Z and PAA-Z-Phy

Composite Langmuir Freundlich

XL (mol kg−1) KL (L mol−1) �G (kJ mol−1) R2a a β R2a

Pb2+ adsorption onto bentonite composites
Bleach 1.64 129 −12.0 0.964 76.4 0.88 0.914
B-Phyleachate 1.48 181 −12.9 0.998 60.3 0.81 0.998
PAA-BModel 0.16 3625 −20.3 0.850 1.52 0.38 0.709
PAA-B-PhyModel 0.18 5.1× 105 −32.6 0.728 0.43 0.14 0.741
PAA − BCaCl2 0.43 790 −16.5 0.865 3.92 0.44 0.870
PAA − B − PhyCaCl2 0.32 1141 −17.4 0.814 1.83 0.35 0.826
PAA-Bleachate 0.15 348 −14.5 0.974 3.84 0.67 0.947
PAA-B-Phyleachate 0.09 767 −16.5 0.976 1.08 0.49 0.966

Pb2+ adsorption onto zeolite composites
Zleachate 0.33 2646 −19.5 0.986 4.10 0.42 0.924
Z-Phyleachate 0.57 4626 −20.9 0.939 6.12 0.38 0.899
PAA-ZModel 0.28 13210 −23.5 0.916 1.14 0.23 0.937
PAA-Z-PhyModel 1.65 2.0× 105 −30.2 0.812 1.14 0.10 0.935
PAA-ZCaCl2 0.21 673 −16.1 0.929 2.30 0.49 0.912
PAA-Z-PhyCaCl2 0.37 6343 −21.7 0.988 2.57 0.33 0.899
PAA-Zleachate 0.08 1440 −18.0 0.966 0.52 0.36 0.918
PAA-Z Phyleachate 0.31 7397 −22.1 0.941 2.44 0.33 0.951

a All coefficients of variations calculated for the Langmuir and Freundlich fits are significant atp < 0.01.

phytic acid. The lowering effect of Phy onXL values in B and
PAA-B can also be explained by the same approach. Such hin-
drance should not be possible for Z since the immobilized Phy
was at the surface in fact the highestXL value (1.65 mol kg−1)
was obtained for PAA-Z-Phy in the model solution. This fact
and the high affinity of Pb2+ to Phy eventually made PAA-Z-
Phy more selective for Pb2+ than PAA-B-Phy.

The Phy modification resulted in a significant increase
in theKL values for all studied adsorbents i.e. that increased
the spontaneity of forming complex (�G) between phosphate
terminals of Phy and Pb2+. This effect was much apparent for
Z and PAA-Z in all studied solutions. The enormous increase
in KL values obtained for the adsorption from the model solu-
tion by both composites with Phy was worth nothing.

There was a systematic relation between the Freundlich
and Langmuir parameters obtained for each composite cou-
ples (PAA-B and PAA-B-Phy, PAA-Z and PAA-Z-Phy) in
the same adsorption media; the one with the higherXL had
the higher ‘a’ and that with the higherKL had the lower ‘β’.

This relation might be interpreted as the ‘a’ is a measure of
the adsorption intensity and ‘β’ is of the heterogeneity of
adsorbents for the ion of interest.

3.4. Reusability and storage ability

After five sequential reuses, the mean of Pb2+ adsorption
from the model solution was constantly about 50% for PAA-Z
and 95% for PAA-Z-Phy, whilst that from the leachate added
solution was 16.7± 1.0% (range 18.7–14.4%) for PAA-Z and
31.6± 2.6% (range 37.5–24.7%) for PAA-Z-Phy (Table 4).
The amounts adsorbed declined with the number of reuse
because of the matrix effect of ions in the leachate; the used
stripping reagent could not remove the adsorbed competing
ions onto the active sites. The storage ability tests for one
use of PAA-Z-Phy performed in the leachate solution for 4
weeks with 1-week interval indicated that the fractional Pb2+

adsorption remained unchanged (Table 4). The mean of the
four trials was 38.2± 1.0% (range 37.8–42.2%). The storage

Table 4
Reusability of PAA-Z and PAA-Z-Phy, and storagability of PAA-Z-Phy for adsorption of Pb2+ (5× 10−3 mol L−1) from the leachate solution

Reusabilty Storagability of PAA-Z-Phy

Reusage No.a Adsorption (%) Time elapsed (week) Adsorption (%)

Phy

1
2
3
4
5
M .6
PAA-Z PAA-Z-

18.7 37.5
18.5 36.1
17.2 33.3
14.5 26.5
14.4 24.7

ean± S.E.M. 16.7± 1.0 31.6± 2
a Number of sequential usage of the adsorbents.
Initial 39.0
1 35.8
2 37.8
3 42.2
4 36.1

38.2± 1.0
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ability investigation was not performed for PAA-Z, since it
was used throughout the investigation and remained stable
for months.

The results obtained from this and previous one for Fe3+

adsorption[18] suggested that the both composites and their
Phy forms were reusable and could be stored. For this, the
obtained unchanged IR spectra for both adsorbents before and
after the investigation and the long half-life of hydrolysis of
Phy (100–150 years) in ground waters at 298 K[33] should
be evidences.

4. Conclusion

The major disadvantages of zeolite and clay like natu-
ral inorganic ion-exchangers are their unsuitable aggregative,
granule and mechanical properties, which limit their use in
practical applications. In this study, PAA was used as a bind-
ing material for preparation of composites materials of Z and
B to enable their practical use. The adsorptive features of B, Z
and their composites were investigated for Pb2+ removal from
various solution environments with increasing ionic strength.
The effect of Phy immobilization onto the adsorbents was
also of specific interest. The reusability and storage ability
features of the composites were tested.

Based on the parameters derived from the Langmuir
m ntial
c A
i neity
o he
i ased
t hy
m
t th
c y
a
K u-
t for
P 0
f -
i r five
r

these
m on-
s aged
t heir
P ess
f have
p olv-
i

A

d of
C l.

References

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

[2] M.F. Brigatti, L. Medici, L. Poppi, Sepiolite and industrial
waste–water purification: removal of Zn2+ and Pb2+ from aqueous
solutions, Appl. Clay Sci. 11 (1996) 45–54.

[3] M. Prasad, S. Saxena, S.S. Amritphale, N. Chandra, Kinetics and
isotherms for aqueous lead adsorption by natural minerals, Ind. Eng.
Chem. Res. 39 (2000) 3034–3037.

[4] R. Celis, M.C. Hermosin, J. Cornjo, Heavy metal adsorption by
functionalised clays, Environ. Sci. Technol. 34 (2000) 4593–4599.

[5] V.V. Ginzburg, C. Singh, A.C. Balazs, Theoretical phase diagrams
of polymer/clay composites: the role of grafted organic modifiers,
Macromolecules 33 (2000) 1089–1099.

[6] I.L. Lagadic, M.K. Mitchell, B.D. Payne, Highly effective adsorption
of heavy metal ions by a thiol-functionalised magnesium phyllosili-
cate clay, Environ. Sci. Technol. 35 (2001) 984–990.

[7] Y. Ma, W. Tong, H. Zhou, S.L. Suib, A review of zeolite-like porous
materials, Micropor. Mesopor. Mater. 37 (2000) 243–252.

[8] Y.H. Wang, S.H. Lin, R.S. Juang, Removal of heavy metal ions
from aqueous solutions using various low-cost adsorbents, J. Hazard.
Mater. 102 (2003) 291–302.

[9] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy met-
als uptake from contaminated water, J. Hazard. Mater. 97 (2003)
219–243.

[10] P.F. Luckham, S. Rossi, The colloidal and rheological properties of
bentonite suspensions, Adv. Colloid Interface Sci. 82 (1999) 43–92.

[11] A. Godelitsas, T. Armbruster, HEU-type zeolites modified by transi-
tion elements and lead, Micropor. Mesopor. Mater. 61 (2003) 3–24.

[ bo,
els
ith

s 35

[ xes,

[ te
reso-

[ phy-
9.

[ etal
65

[ Appl.

[ of
e

[
, J.

[
ified
004)

[ d to
niv.

[ lite,
nd

[ of
61
odel, the modification procedures caused substa
hanges in Pb2+ sorption capability of B and Z. The PA

nvolvement decreased the sorption capacity and sponta
f B, whilst significantly improved both features of Z. T

ncreasing ionic strength of the adsorption media incre
he capacity of PAA-B but reduced that of PAA-Z. The P
odification caused significant enhancement in Pb2+ sorp-

ion capacity of PAA-Z but not that of PAA-B. For bo
omposites, the spontaneity of Pb2+ adsorption significantl
scended with the Phy modification. TheXM (mol kg−1) and
L (L mol−1) values for Pb2+ adsorption from the model sol

ion (containing Pb2+ as single cation) were 0.16 and 3625
AA-B, 0.18 and 5.1× 105 for PAA-B-Phy, 0.28 and 1321

or PAA-Z and 1.65 and 2.0× 105 for PAA-Z-Phy. The chem
cal structure of the composites was not changed afte
euses and the storage foregoing.

The studied features of the composites suggest that
aterials, preferentially their use with Phy should be c

idered amongst the favorable adsorbents. It is envis
hat the use of PAA-B and PAA-Z composites and t
hy modifications will provide practicality and effectiven

or Pb2+ separation and removal procedures and they
otential research materials in studies of adsorption inv

ng di/trivalent cations.

cknowledgements

This work was supported by The Research Fun
umhuriyet University, to which the authors are gratefu
12] S.G. Starodoubtsev, A.A. Ryabova, A.T. Dembo, K.A. Dem
I.I. Aliev, A.M. Wasserman, A.R. Khokhlov, Composite g
of poly(acrylamide) with incorporated bentonite. Interaction w
cationic surfactants, ESR and SAXS study, Macromolecule
(2002) 6362–6369.

13] P. Vohra, G.A. Gray, F.H. Kratzer, Phytic acid–metal comple
Proc. Soc. Exp. Biol. Med. 120 (1965) 447–449.

14] I.K. O’Neill, M. Sargent, M.L. Trimble, Determination of phyta
in foods by phosphorus-31 fourier transform nuclear magnetic
nance spectrometry, Anal. Chem. 52 (1980) 1288–1291.

15] S.P.J. Brooks, B.J. Lampi, Problems associated with measuring
tate in infant cereals, J. Agric. Food Chem. 49 (2001) 564–56

16] G.T. Tsao, Y. Zheng, J. Lu, C.S. Gong, Adsorption of heavy m
ions by immobilized phytic acid, Appl. Bichem. Biotechnol. 63–
(1997) 731–741.

17] J. Lehrfeld, Cation exchange resins prepared from phytic acid,
Polym. Sci. 66 (1997) 491–497.
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