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a b s t r a c t

This manuscript reports sol–gel derived cross-linked poly(vinyl alcohol) (PVA)-3-(2-aminoethylamino)
propyl trimethoxysilane (AEAPTMEOS) beads with low degree of swelling as a new adsorbent for the
removal of Pb(II) from aqueous solution. Beads were prepared by condensation polymerization followed
via acid-catalyzed sol–gel process in presence of non-ionic surfactant. Cross-linking was achieved by
glutaraldehyde. Presence of –NH/–NH2 groups in beads provide active sites for Pb(II) adsorption, and
were responsible for high adsorption capacity. SEM/TEM studies confirmed the spherical and rough
surface morphology, which was changed after Pb(II) adsorption. For the removal of Pb(II) in aqueous
angmuir and Freundlich isotherms
VA-AEAPTMEOS beads
ross-linking

solution, effect of equilibrium time, temperature, pH, adsorbent dose and adsorbate concentration were
investigated in batch process. Pseudo-first- and pseudo-second-order kinetics were also evaluated. The
equilibrium adsorption followed Langmuir and Freundlich isotherms. Thermodynamic parameters such
as �G◦, �H◦ and �S◦ revealed endothermic and spontaneous adsorption. Monolayer adsorption capac-
ity (Q0) value for the developed PVA-AEAPTMEOS beads was 67.56 mg g−1 at pH: 5.0, much higher as
compared to other adsorbents reported in literature. Desorption studies also suggested that cross-linked

an be
PVA-AEAPTMEOS beads c

. Introduction

The presence of toxic heavy metal ions in industrial effluents
r drinking water is serious environmental problem [1]. The most
ommon heavy metals (Cr, Ni, Mn, Hg, Cd, Pb, Cu and Zn) found in
ndustrial wastewater are not biodegradable. Thus, there is neces-
ary for their removal either by physical or chemical methods from
ontaminated water [2–4]. Pb(II) pollution aroused due to use of
b in service pipes, particularly with soft water, battery industry,
uto-exhaust, paints, etc. The maximum allowable concentration
f Pb(II) in drinking water is 0.1 mg dm−3. Pb(II) contamination
auses poisoning, nervous and renal breakdown, headache, brain
amage, convulsions behavioral disorders and constipation [5–7].
hus, removal of Pb(II) is important for the protection of environ-
ental quality and public health [8]. The traditional methods, such
s ion-exchange, solvent extraction, chemical precipitation, elec-
rochemical reduction, and reverse osmosis were commonly used
or the removal of heavy metal ions from wastewater [9–12]. Also,
eutralization and precipitation of metal hydroxide are widely

∗ Corresponding author. Tel.: +91 278 2569445; fax: +91 278 2567562/2566970.
E-mail address: vkshahi@csmcri.org (V.K. Shahi).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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effectively utilized for the removal of Pb(II) from wastewater.
© 2010 Elsevier B.V. All rights reserved.

used techniques. Disposal of metal containing sludge is one of
the main drawbacks of this technique. Thus, economically feasible
and eco-friendly methods are necessary for wastewater treat-
ments.

A number of adsorbents were used for the removal of heavy
metal ions from wastewater [13–16]. During last three decades,
activated carbon was frequently used as adsorbent, but it was
not cost effective. Thus, developments of low cost adsorbent for
the removal of heavy metal ions from wastewater, was highly
attractive in recent years [17,18]. Chitosan/PVA blended beads
were extensively studied for biomedical applications and lead
adsorption, due to their good mechanical and chemical properties
[8,19,20]. The cross-linked or blended chitosan beads were highly
water swollen (water content > 19%) and showed poor mechanical
strength for their practical applications [19]. The organic–inorganic
hybrid materials were also attractive because of their attractive
mechanically properties, thermally stable inorganic backbone, the
specific chemical reactivity and flexibility of the organic functional

groups [21–23]. Properties of hybrid materials were depended on
their structural, dynamic properties and chemical composition.
Number of organic–inorganic hybrid adsorbents such as MCM-41,
polymer-supported nanosized hydrous manganese dioxide (HMO),
silica nanospheres, MCM-41 modified by alumina and pyrimidine-

dx.doi.org/10.1016/j.cej.2010.04.048
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:vkshahi@csmcri.org
dx.doi.org/10.1016/j.cej.2010.04.048
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erivated mesoporous materials, etc., were reported for heavy
etal ions removal from wastewater [24–30]. But suitable tailoring

f organic–inorganic hybrid materials by introducing –NH/–NH2
roups (containing lone pair of electron responsible for metal ion
dsorption) as active sites may provide an efficient adsorbent
ith high affinity for the removal of heavy metal ions (such as

b(II)).
Herein, we are reporting sol–gel derived cross-linked PVA-

EAPTMEOS organic–inorganic hybrid beads with low water
ontent for the removal of Pb(II) from wastewater. Applicabil-
ty of developed beads for the removal of Pb(II) from aqueous
olution was tested in laboratory scale experiments. Presence of
NH/–NH2 groups provides active sites for Pb(II) removal from
queous solution. Pb(II) adsorption capacity was explored under
ifferent experimental conditions and compared with the reported
alues in literature.

. Experimental

.1. Materials

AEAPTMEOS was obtained from Sigma–Aldrich Chemicals.
oly(vinyl alcohol) (PVA, Mw: 125,000, degree of polymerization:
700, degree of hydrolysis: 88%), Span-80, Pb(NO3)2, erichrome
lack-T, ethylenediaminetetraacetic acid disodium salt (Na2EDTA)
cetone, methanol, glutaraldehyde solution(30%), toluene, and
hlorobenzene of analytical grade were obtained from S.D. Fine
hemicals, India and used without any further purification.

.2. Preparation of cross-linked PVA-AEAPTMEOS beads

PVA-AEAPTMEOS beads were prepared by acid-catalyzed
ol–gel process and chemically cross-linked using glutaraldehyde
s cross-linking agent. For acid-catalyzed sol–gel, desired amount
f AEAPTMEOS (50.0, w/w silica content) was added to PVA solution
12.5%, w/w) in distilled water, and pH: 2.0 were maintained using
.0 M HCl. The mixture was kept under stirred conditions at room
emperature for 24 h to get clear sol solution. The resulting PVA-
EAPTMEOS solution (100 ml) was suspended in equal volume of

oluene–chlorobenzene (1:3, v/v) containing Span-80 (3.0 ml) in a
hree-neck round bottom flask under continuous stirring (150 rpm)
or 8 h at 30 ◦C. Then temperature was raised up to 90 ◦C for 8 h
o distill out some part of water as an azeotrope with aromatic
ydrocarbon. The resulting mixture was cooled at room tempera-
ure, and desired amount of glutaraldehyde solution (25%) in water
2%, w/w) was added as cross-linking agent. Then, it was stirred
ontinuously for 8 h at room temperature to cross-link the water
oluble suspended beads. The resulting beads were filtered, and
ashed several times with acetone followed via distilled water,

nd neutralized with 0.1 M NaOH followed by further washing.

.3. FTIR and microscopic analysis

FTIR spectra of unloaded and loaded beads were recorded with
pectrum GX series 49387 by KBr pellets method. For scanning elec-
ron microscopy (SEM), gold sputter coatings were carried out on
he desired beads samples at pressure ranging in between 0.1 and
.0 Pa. Images were recorded at 10−3 to 10−2 Pa EHT 15.00 kV with
00 V collector bias using Leo microscope. Transmission electron

icroscope (TEM) analysis was performed by JEOL 1200EDX with
tungsten filament electron source operated at an accelerating

oltage of up to 120 kV. Pb(II) content in the adsorbed beads was
etected by EDX measurements using LEO VP1430 and OXFORD

NCA instrument.
ing Journal 162 (2010) 28–36 29

2.4. Water content of PVA-AEAPTMEOS beads

Swelling of PVA-AEAPTMEOS beads was measured as water con-
tent (%). The dried beads of known weight in gram (Wdry) were
suspended in deionized water under agitation for 24 h and weight
of wet beads in gram (Wwet) was recorded. The percent water con-
tent in the beads was calculated using the following equation:

Water content(%) = (Wwet − Wdry)
Wdry

× 100 (1)

2.5. Adsorption studies

The stock solution of Pb(II) (1000 ppm) was prepared by dis-
solving a known amount of Pb(NO3)2 in distilled water and batch
process for the adsorption was carried out. A 0.5 g of dry beads was
placed in a 50 ml solution with different Pb(II) concentrations in a
conical flask. This was then placed in a shaker incubator at 100 rpm
for desired time interval. The concentration of Pb(II) in the super-
natant solution was determined by EDTA titration to estimate the
adsorbed amount of Pb(II) [31]. Measuring error for the estimation
of metal ion concentration was 0.1 mg/l. The amount of Pb(II) (q:
mg g−1) adsorbed on PVA-AEAPTMEOS beads was determined by
following equation [32]:

q = (Ci − Cf )
1000 × Wdry

× V (2)

where Ci and Cf are the initial and final concentration of Pb(II)
(mg/ml) before and after the adsorption, and V is the volume of
Pb(II) solution (ml).

Adsorption studies were carried out at varied adsorbate con-
centration (10–200 mg/l), adsorption time (0.50–12.0 h), adsorbent
dose (0.10–1.0 g) and temperature (30, 40 and 50 ◦C). Series of
experiments were carried out using fixed amount of adsorbate at
different pH (2.0–10.0).

2.6. Desorption studies

For desorption study, desired amount of adsorbent after Pb(II)
adsorption was treated with, 0.10 M HCl, 0.10 M HNO3, 0.10 M NaCl,
oxalic acid and 0.01 M EDTA solution (50 ml of each), in a coni-
cal flask for 8 h. The desorbed amount of Pb(II) was determined by
EDTA titration [31].

3. Results and discussions

3.1. Preparation and characterization of PVA-AEAPTMEOS beads

The PVA-AEAPTMEOS beads were prepared by condensation
polymerization and acid-catalyzed sol–gel process. Gluteraldehyde
was used as cross-linking agent. The cross-linking with gluteralde-
hyde is a two step process; hemiacetal was formed due to reaction
between gluteraldehyde and hydroxyl groups of PVA. Further, it
was reacted with another hydroxyl group and resulted acetal for-
mation in second step. Reaction scheme for the preparation of
PVA-AEAPTMEOS beads is presented in Scheme 1. The –NH2/–NH
groups of AEAPTMEOS were converted into salt by HCl treatment
for their protection.

Structure of cross-linked PVA-AEAPTMEOS beads was assessed
by FTIR spectra (Fig. 1), recorded before and after Pb(II) adsorp-
tion (A and B, respectively). The absorption bands at 2926 and

2857 cm−1 in spectrum A, and at 2925 and 2855 cm−1 in spectrum
B are characteristic peaks due to –CH2 symmetric and asymmet-
ric stretching vibrations. The adsorption bands at 1642 (spectrum
A), and 1647 cm−1 (spectrum B) are the characteristic peaks due to
the –NH stretching vibrations. Under acidic condition, formation
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Scheme 1. Schematic reaction for the preparation of cross-linked PVA-AEAPTMEOS beads.
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insoluble with lower degree of swelling (less than 1% dimensional
change), which is important for their practical application in a col-
umn. However, after cross-linking PVA-AEAPTMEOS beads showed
about 38.2% water content, which indicated its hydrophilic nature.
Fig. 1. FTIR spectra of PVA-AEAPTMEOS be

f C–O–C (∼1251, 1246 cm−1 in spectrum A and B, respectively)
nd Si–O–C (1000–1200 cm−1) favored the better compatibility
etween organic–inorganic components. The peaks in the range
f 1015–1020 cm−1 for both spectrums, were assigned to Si–O–Si
ymmetric stretching vibrations [33]. The strong broad band at
411 and 3419 cm−1 (for spectrum A and B, respectively) aroused
ue to the –NH stretching vibration in aliphatic amines. The signif-

cant reduction in transmittance of band at 3411 cm−1 after Pb(II)
dsorption (spectra B) confirmed co-ordinate bonding between
b(II) with –NH2 and –NH [34]. The N–H bending vibrations at
642 cm−1 (spectrum A) was shifted to 1647 cm−1 (spectrum B)
fter Pb(II) adsorption. Co-ordinate bonding between Pb(II) and
ctive sites (–NH2/–NH) was also supported by their Lewis acidic
nd basic nature, respectively. Thus –NH2/–NH groups of silica pre-
ursor were acted as main active sites for the adsorption of Pb(II)
rom aqueous solution (Fig. 2).

Fig. 3(A and B) shows surface SEM images for PVA-AEAPTMEOS
eads before and after Pb(II) adsorption. Spherical and rough sur-
aces of beads were responsible for high surface area and thus high
b(II) adsorption (Fig. 3A). The morphology of beads surface was
hanged after Pb(II) adsorption, while it was retained after des-
rption of Pb(II). Fig. 4(A and B) presents TEM images of beads
efore and after Pb(II) adsorption, respectively. Nanosized homoge-

eously distributed silica can be observed (Fig. 4A), while its surface
orphology was altered after Pb(II) adsorption (Fig. 4B). It was

bserved that active sites were occupied by Pb(II) adsorption via
o-ordination as depicted in Fig. 4(C and D) which was confirmed
y EDX study.
) before and (B) after adsorption of Pb(II).

Swelling properties of PVA-AEAPTMEOS beads were assessed by
water content. Prepared PVA-AEAPTMEOS beads were soluble in
water without cross-linking, due to considerable hydrogen bond-
ing with hydrophilic groups. After cross-linking, beads were water
Fig. 2. Schematic presentation for Pb(II) adsorption on the active sites in PVA-
AEAPTMEOS beads.
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Fig. 3. SEM images of PVA-AEAPTMEOS b
.2. Effect of pH and contact time on Pb(II) adsorption

Several experiments were performed to optimize pH of the
olution and contact time for maximum Pb(II) adsorption. Fig. 5A
resents the effect of pH (2.0–10.0) on Pb(II) adsorption. About

ig. 4. TEM images of cross-linked PVA-AEAPTMEOS beads: (A) before and (B) after adso
(A) unloaded and (B) loaded with Pb(II).
23.3% adsorption of Pb(II) (50 mg/l) at pH: 2 was observed, which
further increased to 76.2% at pH: 5.0, and attained a maximum
value. In highly acidic medium, active sites of the adsorbent were
protonated and reduced the metal ion adsorption capacity [1].
However, with increase in pH (deprotonation of –NH2 and –NH

rption of Pb(II). (C) EDX spectrum of beads: (A) before and (D) after adsorption.
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Fig. 5. (A) Effect of pH for Pb(II) (50 mg/l) adsorption and (B) effect of
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ig. 6. Effect of initial Pb(II) concentration on adsorption by cross-linked PVA-
EAPTMEOS beads at pH: 5.0.

roups), adsorption increased and attained maximum at pH: 5.0.
he solubility of metals decreases with increase in pH (in basic
edium) and its precipitation starts. Thus, all adsorption studies
ere carried out in low acidic medium (pH: 5.0) to avoid the forma-

ion of Pb(II) hydroxide. Fig. 5B reveals that 4.0 h equilibrium time
as required for the maximum removal of Pb(II) from water. Thus,

ubsequent adsorption studies were carried out at pH: 5.0 and 4.0 h
quilibrium time. Initially, fast adsorption of Pb(II) occurred, may be
ue to the more number of available active sites, that reduced with
ime and attained a limiting value at equilibrium [35]. Adsorption

apacity and time of equilibrium for an adsorbent are important
arameters to assess its suitability for practical application [36].
hus, about 76.2% of adsorption was achieved at 4.0 h equilibrium
ime, indicating the efficiently use of the developed beads for the
emoval of Pb(II) from wastewater.
time on the adsorption capacity (%) for Pb(II) (50 mg/l; pH: 5.0).

3.3. Effect of Pb(II) concentration and adsorbent dose

Cross-linked PVA-AEAPTMEOS beads are an effective adsor-
bent over a wide concentration range of adsorbate (Pb(II)) at pH:
5.0. At lower Pb(II) concentration (10 mg/l), beads showed ∼93%
adsorption, which reduced with increase in Pb(II) initial concen-
tration (Fig. 6). 77.3% adsorption was observed at 50 mg/l Pb(II)
concentration,. Thus, developed beads are more suitable for the
removal of Pb(II) (10–50 mg/l) with lower concentration from aque-
ous solution. Furthermore, one has to optimize the adsorbent dose
depending on the concentration of adsorbate and pH for maximum
utilization of the adsorbent.

At pH: 5.0, adsorption (%) of cross-linked PVA-AEAPTMEOS
beads for the removal of Pb(II) (50 mg/l) from aqueous solu-
tion are presented as a function of adsorbent dose (0.1–1.0 g)
at constant temperature (Fig. 7). Adsorption capacity decreased
(39.3–11.60 mg g−1) with the increase in adsorbent dose. The
observed reduction in adsorption capacity of the developed beads
may be attributed due to availability of less active site at high adsor-
bent dose.

3.4. Adsorption mechanism

In cross-linked PVA-AEAPTMEOS beads, N atoms of active sites
(–NH/–NH2) were responsible for the complexation of Pb(II), due to
the availability of lone pair of electrons. Following chemical reac-
tions are proposed for Pb(II) adsorption and desorption mechanism
[1,8]:

(3)

(4)

(5)

(6)

The equilibrium reaction (Eq. (3)) was established via pH of ini-
tial adsorbate solution. Pb2+ adsorption occurred on active sites
(–NH/–NH2) of the developed beads through co-ordinate bond.
In this case active sites acted as Lewis base, while Pb2+ acted as
Lewis acid (Eq. (4)) in comparison with H+ and nitrogen atoms

(i.e., protonation of the available –NH2 and –NH active sites in
the beads). Eq. (5) governs the difference in the binding capacity
of nitrogen atoms with Pb2+ or H+, and a competitive adsorp-
tion of Pb2+ takes place over H+ ions. Thus, adsorption process
can also be termed as an ion-exchange mechanism [37]. However,
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ig. 7. Effect of adsorbent dose for Pb(II) (50 mg/l) adsorption on cross-linked PVA-
EAPTMEOS beads at pH: 5.0.

esulting reaction (Eq. (5)) may be slower than those presented
n Eq. (4), because of less attraction
etween and Pb2+ in comparison with

and Pb2+. Formation of PbOH+ from com-
lex (Eq. (6)) occurred due to the greater the electrostatic

nteraction between Pb2+ with OH− ion in comparison with nitro-
en atoms available in active sites of the developed beads. Thus
dsorption occurred mainly due to the complexation between Pb2+

nd –NH2 and –NH active sites present in the developed beads.

.5. Adsorption kinetics

The rate constants were calculated from pseudo-first- and
econd-order kinetic models [1]. The first-order expression is given
s:

og(qe − q) = log qe − K1

2.303
t (7)

e is the amount adsorbed (mg g−1) at equilibrium, and q is the
mount adsorbed after time t (min). K1 (min−1) first-order rate
onstant that was estimated from the slope of log(qe − q) versus
linear plots at different concentrations (Fig. 8(A)), and presented

long with correlation coefficient (R2) in Table 1. The rate equation
or pseudo-second-order kinetic model is given as:

t

q
= 1

h
+

(
1
qe

)
t (8)

Fig. 8. (A) Pseudo-first-order and (B) second-order kinetics plots for Pb(II) ad
ing Journal 162 (2010) 28–36 33

where h = K2q2
e and K2 is the rate constant for pseudo-second-order

adsorption (g mg−1 min−1). The values of h were estimated from
the intercept of t/q versus t plots presented in (Fig. 8 (B)), and
included in Table 1 along with K2 (g mg−1 min−1), and R2 values.
The R2 values for pseudo-second-order kinetic were slightly higher
than the pseudo-first-order kinetic. This indicated better obeyed
pseudo-second-order kinetic as compared to pseudo-first-order
kinetic under studied concentration range (20–100 mg/l) [1].

3.6. Effect of temperature

The Pb(II) adsorption was also assessed at different temper-
atures (30–50 ◦C) and thermodynamic parameters such as free
energy change (�G◦), enthalpy change (�H◦) and entropy change
(�S◦) were estimated by following equations [1]:

Kc = CAc

Ce
(9)

where Kc is the equilibrium constant, CAc and Ce are equilibrium
concentrations (mg/l) of Pb(II) on the beads and in solution, respec-
tively:

�G0 = −2.303RT log KC (10)

log KC =
(

�S◦

2.303R

)
−

(
�H◦

2.303RT

)
(11)

where T is the absolute temperature (K) and R is the universal gas
constant. Values of �S◦ and �H◦ were estimated at 40 ◦C from the
slope and intercept of van’t Hoff plot (log Kc versus 1/T) between 30
and 50 ◦C (Fig. 9) and the data was included in Table 2. While these
values at 30 and 50 ◦C were determined from slope and intercept of
van’t Hoff plot between 30–40 and 40–50 ◦C, respectively. Results
revealed that Pb(II) adsorption was endothermic, and spontaneous.
Positive values of �S◦ suggested an increase in randomness at the
solid–solution interface during adsorption [2,38,39].

3.7. Adsorption isotherms

The adsorption isotherm model describes the interaction
between adsorbate with adsorbent, knowledge of which is essential
for maximum utilization of the adsorbent. To correlate the equilib-
rium data by empirical models is essential for designing a perfect
adsorption operating process. In the present study, the data at equi-

librium were derived from the linear fit of Freundlich (Eq. (12)) and
Langmuir (Eq. (13)) isotherms for the adsorption of Pb(II) [1,40,41]:

log qe = log KF + 1
n

log Ce (12)

sorption at different concentrations at pH: 5.0 (adsorbent dose: 0.50 g).
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Table 1
Pseudo-first- and second-order kinetics constants, correlation coefficients (R2) for the adsorption of Pb(II) on cross-linked PVA-AEAPTMEOS beads.

Conc. (mg/l) Pseudo-first-order kinetics Pseudo-second-order kinetics

K1 (min−1) R2 K2 (g mg−1 min−1) qe (mg g−1) h (mg g−1) R2

20 0.0031 0.9902 0.000192 26.88 0.139 0.9961
40 0.0025 0.9957 0.000253 28.38 0.255 0.9948
50 0.0023 0.9840 0.000291 32.49 0.266 0.9835
80 0.0019 0.9863 0.000368 35.09 0.358 0.9921

100 0.0015 0.9925 0.000605 44.45 1.120 0.9922

F
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Table 2
Thermodynamic parameters and correlation coefficients (R2) at different tempera-
tures for Pb(II) adsorption.

Temp (◦C) �S◦ (kJ K−1 mol−1) �H◦ (kJ mol−1) �G◦ (kJ mol−1) R2

30 0.059 17.23 −0.67 –
40 0.067 19.72 −1.33 0.9942
50 0.076 22.45 −2.03 –

Table 3
Freundlich and Langmuir constants and correlation coefficients (R2) for Pb(II)
adsorption.

Temp (◦C) Freundlich constants Langmuir constants

KF 1/n R2 aL KL Q0 (mg g−1) R2

30 7.16 0.567 0.972 0.073 4.94 67.56 0.985
ig. 9. Plot of log Kc versus 1/T for the adsorption of Pb(II) (50 mg/l) on cross-linked
VA-AEAPTMEOS beads at pH: 5.0.

Ce

qe
= 1

KL
+ aL

KL
Ce (13)

here Ce is Pb(II) concentration (mg/l) in solution at equilibrium,
F is Freundlich constant and 1/n is the heterogeneity factor, while
L and KL are Langmuir constants.

Freundlich isotherm describes the heterogeneous system and
eversible adsorption. This is not restricted to the monolayer for-
ation on the adsorbent surfaces. This is also described an increase

b(II) adsorption with initial adsorbate concentration in solution
1,42,43]. For Langmuir isotherms, it was assumed that intermolec-
lar forces were rapidly reduced with distance and thus led to the
onolayer formation on the adsorbent surface [5]. Furthermore,
o adsorption took place after adsorption on the active sites of the
dsorbent [36]. Freundlich constants and R2 values were obtained
rom Freundlich isotherms (Fig. 10A) and data are presented in
able 3. Deviation from linearity (under study concentration range
s taken into the consideration) may be attributed to either: (i)

Fig. 10. (A) Freundlich and (B) Langmuir isotherms, for Pb(I
40 9.14 0.564 0.985 0.097 7.11 72.99 0.992
50 13.61 0.526 0.990 0.167 12.76 76.33 0.998

availability of other active sites for the adsorption that produced
irregular energy distribution in the adsorbent, or (ii) purely physical
adsorption [1,36,41].

Langmuir constants (KL) and R2 values were derived from Lang-
muir isotherms and data, are also presented in Table 3. Langmuir
isotherms were well correlated (R2 = 0.998) in compare with Fre-
undlich isotherms (R2 = 0.990) (Fig. 10B). Increase in aL values with
temperature, indicated the strong binding of Pb(II) with –NH2/–NH
active sites in the developed beads [36]. It was observed that the
adsorption capacity (monolayer saturation capacity; Q0) increased
with the temperature [41]. Q0 value for an adsorption process is
a measure of monolayer adsorption capacity of adsorbents. Our
experimental findings were compared with the reported Q0 val-
ues (26.5–58.9 mg g−1) in literature [44–50]. While, 67.6 mg g−1 Q0
value (observed in this study), revealed the superiority of developed

cross-linked PVA-AEAPTMEOS beads for Pb(II) adsorption.

The essential feature of Langmuir isotherms can be expressed as
dimensionless constant (separation factor) or equilibrium param-

I) adsorption on cross-linked PVA-AEAPTMEOS beads.
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ig. 11. Adsorption and desorption studies for the Pb (II) on the developed PVA-
EAPTMEOS beads (concentration; 50 mg/l, pH: 5.0).

ter (RL) estimated by:

L = 1
1 + KLC0

(14)

here KL is the Langmuir constant and C0 is the initial Pb(II) con-
entration (mg/l). The RL values were estimated and found to be
aried between 0.910 and 0.105 under different experimental con-
itions, which indicated favorable Pb(II) adsorption on the beads
1].

.8. Desorption studies

Desorption studies revealed feasibility of desorption process to
ecover of Pb(II) from the adsorbent after adsorption of adsorbate.
xalic acid, H2SO4, HCl, HNO3, NaCl and EDTA solution were used

or desorption of Pb(II) from PVA-AEAPTMEOS beads. Desorption of
b(II) followed the trend: HCl(20.1%) < HNO3(42.3) < EDTA(60.2%).
urthermore, for developed materials, number of adsorption and
esorption cycles were analyzed using 50 mg/l Pb(II) solution at
H: 5.0 with 0.5 g adsorbent dose, while desorption studies were
arried out by EDTA solution. Results presented in Fig. 11, revealed
hat developed material can be efficiently used up to five numbers
f cycles with negligible loss (1–2%) in adsorption and desorption
apacity.

. Conclusions

Cross-linked PVA-AEAPTMEOS beads with low degree of
welling were prepared by condensation polymerization followed
cid-catalyzed sol–gel in presence of non-ionic surfactant. It was
bserved that cross-linking, reduced the swelling (38.2%, w/w) and
nhanced the chemical stability of the developed beads in acidic
edium. Developed beads were utilized for Pb(II) removal from

queous solution. The kinetic data showed well fitted pseudo-
econd-order kinetic in compared to pseudo-first-order kinetic,
ue to the better correlation with the experimental data. The Lang-
uir and Freundlich isotherms, both indicated favorable Pb(II)

dsorption. Developed beads exhibited 76.2% Pb(II) adsorption for
.0 h equilibrium time (initial concentration: 50 mg/l; pH: 5.0).

Superiority of cross-linked PVA-AEAPTMEOS beads over

eported adsorbents was revealed from Pb(II) adsorption capacity
alues. About 60.2% recovery of Pb(II) (in EDTA) was achieved by
esorption study in 0.01 M solution (HCl, HNO3 and EDTA), while
esorption was not possible in NaCl and oxalic acid. Adsorption
ccurred mainly via complexation of Pb(II) with available active

[

ing Journal 162 (2010) 28–36 35

sites in beads. Furthermore, desorption studies suggested that the
developed cross-linked PVA-AEAPTMEOS beads can be effectively
utilized for the removal of Pb(II) from wastewater.
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