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polyethylene, acrylic acid, starch, and organo-montmorillonite was prepared through
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emulsion polymerization method. Fourier transform infrared spectroscopy (FTIR), Solid
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carbon nuclear magnetic resonance spectroscopy (CNMR)), silicon-29 nuclear magnetic
resonance spectroscopy (Si NMR)), and X-ray diffraction spectroscope ((XRD) were applied to

Keywords:

characterize the hydrogel composite. The hydrogel composite was then employed as an

Hydrogel

adsorbent for the removal of Pb(II) from the aqueous solution. The Pb(II)-loaded hydrogel

Waste polymers

composite was characterized using Fourier transform infrared spectroscopy (FTIR)),

Organo clay

scanning electron microscopy (SEM)), and X-ray photoelectron spectroscopy ((XPS)). From

Heavy metal ions

XPS results, it was found that the carboxyl and hydroxyl groups of the hydrogel composite

Adsorption mechanism

participated in the removal of Pb(II). Kinetic studies indicated that the adsorption of Pb(II)
followed the pseudo-second-order equation. It was also found that the Langmuir model
described the adsorption isotherm better than the Freundlich isotherm. The maximum
removal capacity of the hydrogel composite for Pb(II) ions was 430 mg/g. Thus, the waste
linear low-density polyethylene-g-poly (acrylic acid)-co-starch/organo-montmorillonite
hydrogel composite could be a promising Pb(II) adsorbent.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Polymeric materials represent an increasing percentage of municipal and industrial waste that goes into landfill. Although it
has been acknowledged that the management of polymer waste is
significant from environmental and economic viewpoint, the
development of technologies for the reduction of polymeric
waste has been hindered by problems related to the reuse of
polymers. Several common methods have been investigated and
applied to resolve the disposal problem such as landfilling,

incineration, mechanical recycling and chemical recycling, but
each of these methods have some drawbacks (Burillo et al., 2002;
Panda et al., 2010). In addition, according to the literature (Shent et
al., 1999) the energy is needed to yield recycled plastics might be
less than that used to produce the same products from virgin feed
stocks. Therefore, it's valuable to find other alternative techniques to recycle or reuse waste polymers.
Modification and functionalization of virgin synthetic polymers have been reported widely (Subramanian and Lee, 1998;
Ramos et al., 2004). But few authors reported functionalization of
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N,N′-methylene-bis-acrylamide (MBA, from Aldrich, USA).
Benzoyl peroxide (BP), toluene, and sodium hydroxide were
purchased from Merck, Germany. Acrylic acid (AA) and lead
(ΙΙ) nitrate were obtained from Sigma-Aldrich, USA. Sorbitan
monostearate (Span 60) from Aldrich was obtained. Waste
LLDPE was obtained from Juara One Resources Sdn Bhd, Bukit
Mertajam, Penang, Malaysia. Cassava starch (food grade) was

FT-IR spectra of prepared samples were taken as KBr pellets,
using a Perkin-Elmer Spectrum one from Germany. FTIR
spectra of the samples were obtained in a range between
4000 cm−1 and 400 cm−1. The solid state CP/MAS NMR
experiments were carried out using a Bruker 400 MHz
ultrashield spectrometer from Germany, operating at
100.577 MHz for 13C and 79.460 MHz for 29Si.
Micrographs of the prepared samples were collected using
a field emission scanning electron microscope (FESEM, ZEISS
Supra-35VP, from Germany). Before the SEM observation, the
samples were coated with a thin layer of platinum. The wide
angle X-ray diffraction (WAXD) measurements of the prepared samples were obtained using a Panalytical X'Pert
PRO-MRD PW3040 from Netherlands with a Cu anode, running
at 40 kV and 30 mA; scanning from 3 to 40° at 3°/min.
X-ray photoelectron spectroscopy (XPS) wide and narrow
scan spectra were acquired using AXIS Ultra DLD, Kratos from
UK, equipped with a Al Kα X-ray source (1486.6 eV) at 10 mA,
15 kV, analyzing at 300 × 700 μmm area under a 3.1 × 10−9 Torr
ultra vacuum environment. The spectra were analyzed using
vision software which included with vision manager and vision
processing. All spectra were charge corrected by means of the
adventitious carbon signal (C 1s) at 284.6 eV. The linear method
was used for background subtraction and the curve fitting
method was used for the curve fitting.
An atomic absorption spectrometer (AAS) (Perkin-Elmer,
Analyst 700 from Germany) was used for quantitative
determination of the concentrations of Pb(II).

1.3. Preparation of linear low-density polyethylene-g-poly
(acrylic acid)-co-starch/OMMT (LLDPE-g-PAA-co-starch/OMMT)
hydrogel composite
The preparation of LLDPE-g-PAA-co-starch/OMMT involves four
steps. In the first step, 1 g of waste LLDPE was dissolved in
toluene (20 mL) at 90°C in a four necked reaction flask, equipped
with a thermometer, and a mechanical stirrer, under nitrogen
flow for the removal of oxygen from the system. The temperature was then lowered to 60°C, and 0.3 g of span 60, sorbitane
monostearate, (used as an emulsifier) was added to the
solution. After 10 min, 0.035 g of benzoyl peroxide (BP) (used
as an initiator), which was dissolved in 10 mL toluene, was
added to the solution. In the second step, 9 g of acrylic acid (AA)
was partially neutralized with sodium hydroxide solution
(3 mol/L) and cooled (ice bath) under stirring for 5 min
(neutralization degree 80%). The required amount of OMMT
(0.7 g) was then added to the acrylic acid solution under stirring,
for 15 min. In the third step, in another reaction flask, 1.0 g of
starch (ST) combined with distilled water was heated to 90°C
under a nitrogen atmosphere to prepare a starch slurry. In the
fourth step, the acrylic acid solution, starch solution and 0.01 g
of crosslinker (MBA) were added to the first reaction flask
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1.1. Materials

1.2. Characterization
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1. Experimental section

obtained from Thye Huat Chan Sdn Bhd, Penang, Malaysia.
Organoclay (OMMT) was supplied by Nanocor, Inc. USA.
Nanomer 1.30 T was used as a surface-modified montmorillonite, with 15–30 wt.% of octadecylamine. The organoclay
was in powder form, with an 18–23 micron particle size.
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waste synthetic polymers, Liu et al. (2007) prepared a hydrogel
composite using waste polystyrene from the package of household electric appliances, acrylic acid, and montmorillonite
through emulsion polymerization.
In recent years, more emphasis has been placed to the
modification of synthetic polymers with natural polymers such
as starch (Ismail et al., 2013). Starch copolymers can be used as
hydrogels (Ismail et al., 2013). Hydrogels are hydrophilic threedimensional polymeric networks that can absorb water or other
solutions with an absorption capacity of up to 10 g/g (Ismail et al.,
2012). They have applications in a variety of fields, such as
agriculture (Guo et al., 2005), tissue engineering (Lee and Mooney,
2001), and water purification (Milosavljević et al., 2011). Recently,
different types of gels such as hydrogel and aerogels have been
attracting attention because of their excellent adsorption performance on the removal of pollutants such as toxic organic
compounds (Liu et al., 2009; Tuwati et al., 2011) and heavy metal
ions from solutions (Chauhan et al., 2008; Milosavljević et al., 2011;
Ramírez et al., 2011; Zheng et al., 2011; Peng et al., 2012).
Due to the increase in consciousness about the hazardous
effects of enhanced levels of toxic organic compounds and
heavy metal ions in the environment, removal of such pollutions from aqueous solutions by different methods has been
recently given more attention (Li et al., 2007; Sharrad et al., 2012;
Zhang et al., 2012).
Among the heavy metal ions, the management of lead (Pb)
pollution is crucial as the toxic elements of Pb are highly
detrimental to humans and plants. The Pb leakage from wastewater or industrial effluents can lead to serious groundwater
contamination (Sone et al., 2009), therefore the removal of Pb(II)
from lead-contaminated surroundings is an important undertaking from an environmental view-point. Recently, various natural
and synthetic polymers have been used as adsorbents for the
removal of heavy metal ion Pb(II) from aqueous solutions (Li and
Bai, 2006; Wang and Lin, 2008; Sone et al., 2009; Thirumavalavan
et al., 2009; Peng et al., 2012).
Since about 40.5% of municipal waste plastics involve polyethylene mainly high density polyethylene (HDPE) and linear/low
density polyethylene (LLDPE/LDPE) (Sarker et al., 2012), in this
work waste linear low-density polyethylene (LLDPE) was chosen
for study. LLDPE has excellent mechanical properties and has
been widely used in various applications, such as in plastic film
production (Kontou and Niaounakis, 2006).
To the best of our knowledge no one has reported the
modification of waste linear low density polyethylene with starch
to prepare a hydrogel composite. Therefore, the aim of this work
is chemical modification of waste LLDPE with acrylic acid and
starch through emulsion polymerization in the presence of
organo-montmorillonite (OMMT). The prepared hydrogel was
then applied as an adsorbent for the removal of Pb(II) from a
solution. The utilization of a combination of starch, and waste
polyethylene as a hydrogel composite can decrease environmental pollution, resolve waste polyethylene disposal problem and
decrease the cost of final product.
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containing the LLDPE solution under a nitrogen atmosphere at
60°C. When the solution achieved gel point, the temperature
was increased to 70°C for 3 hr. The samples were then washed
with ethanol, cut into small pieces, and dried at 80°C for 12 hr.
This was followed by milling and screening. Acrylic acid
homopolymers and unreacted monomers were extracted from
the product by soxhlet extraction, using an ethanol–water
mixture (80:20) over 24 hr (Teli and Waghmare, 2009). Since
the aim of preparation of this hydrogel was to use the hydrogel
as an adsorbent for removal of heavy metal ions, factors that
can affect sorption capacity of metal ions such as crosslinker,
monomer and clay contents were optimized to be suitable for
adsorption of heavy metal ions rather than water absorbency.
Therefore the chemical material contents that have been
reported in the experimental section were in optimum conditions for removal of heavy metal ions.

1.4. Adsorption of Pb(II)

Desorption is an essential process for regeneration of the
sorbent and recovery of heavy metal ions in sorption
experiments. After the adsorption studies were carried out
by immersing 0.1 g of the hydrogel in 100 mL of 400 mg/L
solution at pH 4.5 for 5 hr, the metal-adsorbed hydrogel was
separated from the excess solution. The sample was then
immersed in 100 mL of 0.1 N HNO3 solution and shaken in a
shaker operating at 150 r/min for 2 hr at 27°C to desorb Pb(II)
ions from the adsorbent. Following this, the adsorbent was
separated from the solution, neutralized with 0.1 mol/L NaOH
solution, washed with distilled water several times, and dried
in an oven at 50°C for reuse. The consecutive adsorption–
desorption procedure were studied in succeeding cycles, and
the percentage of metal ion desorbed from the hydrogel was
calculated using the following equation (Apopei et al., 2012):
R ¼ Md =M ad  100

In a batch adsorption experiment, 0.1 g of the sample
(LLDPE-g-PAA-co-starch/OMMT) was immersed in 100 mL of
lead acetate of definite concentrations (20–600 mg/L) and a pH
range from 2 to 6. The mixture was shaken in a shaker (Sk-300
from GMI,USA) at 27°C and 120 r/min for 5 hr, and then the
adsorbents were separated by filtration. The concentration of
Pb(II) in the solution before and after the adsorption was
measured with the use of an atomic absorption spectrometer
(AAS). The adsorption capacity of the hydrogel composites for
Pb(II) was calculated according to the following equation:
Q¼

1.5. Pb(II) desorption and sorbent regeneration

ð2Þ

where, R is desorption ratio, Md (mg/g) is the amount of metal
ion desorbed to the HNO3 solutions and Mad (mg/g) is the
amount of metal ion adsorbed onto the hydrogel composite.

2. Results and discussions
2.1. Characterization of the hydrogel composite
2.1.1. FTIR spectrum analysis

V ðC 0 −C Þ
m

ð1Þ

where, Q (mg/g) is the amount of Pb(II) ions adsorbed at
equilibrium. V (L) is the volume of the aqueous phase, C0 and C
(mg/L) are initial concentrations of ions, and the liquid-phase
Pb(II) concentration at equilibrium and m is the weight of dry
hydrogel (g).
Adsorption isotherms and adsorption kinetics were studied
by monitoring metal decay in the solution and the amounts of
Pb(II) ions adsorption were calculated by Eq. (1).

The FT-IR spectra for starch, OMMT, and LLDPE-g-PAA-co-starch/
OMMT are presented in Fig. 1. The IR spectrum of starch (Fig. 1a)
displays the O–H stretching absorption in the region of
3600–3200 cm−1, and the C–H stretching at 2924 cm−1. A triplet
peak of starch for the C–O–C stretching appears in 1158, 1080,
and 1020 cm−1 (Lanthong et al., 2006).
The OMMT spectrum (Fig. 1b) depicts a sharp and medium
peak at 3641 cm−1 which corresponds to the hydroxyl groups of
OMMT. Additionally, the peak at 1035 cm−1 was ascribed to the
Si–O bond of OMMT. The peak at 1035 cm−1 in OMMT spectrum
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Fig. 1 – FTIR spectra of starch (a), Organo-montmorillonite (OMMT) (b), and linear low-density polyethylene-g-poly (acrylic
acid)-co-starch/Organo-montmorillonite (LLDPE-g-PAA-co-starch/OMMT) (c).
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Fig. 2 – X-ray diffraction patterns of (a) starch and LLDPE-g-PAA-co-starch/OMMT hydrogel composite, (b) X-ray diffraction
patterns of OMMT and LLDPE-g-PAA-co-starch/OMMT.
shifted to 1032 cm−1 in the spectrum of LLDPE-g-PAA-co-starch/
OMMT (Fig. 1c) that overlapped with the band of C–O–C of
starch. The hydroxyl group of OMMT at 3641 cm−1 overlapped
with the broad peak of O–H groups of starch in the region of
3300 cm−1 to 3600 cm−1.
In the spectrum of LLDPE-g-PAA-co-starch/OMMT (Fig. 1c)
two peaks at 2918 and 2845 cm−1 correspond to the C–H
symmetric and asymmetric stretching of LLDPE (Irani et al.,
2013) that overlapped C–H stretching of starch. A C_O
stretching band of AA appears at 1723 cm− 1, and the symmetric and asymmetric COO− stretching of AA appears at 1412
and 1580 cm− 1, respectively. The peaks of starch for the C–O–C
stretching appear in the spectrum of LLDPE-g-PAA-co-starch/
OMMT (1166 and 1032 cm− 1) with a shift from what have been
described in spectrum of starch.

2013). The peaks at 2θ = 15, 17 and 18° from starch was
non-existing in the XRD pattern of LLDPE-g-PAA-co-starch/
OMMT, and the peak at 2θ = 23° from the XRD pattern of
starch shifted slightly to 2θ = 23.5° in the XRD pattern of
LLDPE-g-PAA-co-starch/OMMT and its intensity decreased.
These observations show that the crystallinity of starch was
destroyed during reaction resulting in the disappearance of its
main peaks in the XRD pattern of LLDPE-g-PAA-co-starch/
OMMT. Intra-molecular and intermolecular hydrogen bonds
are responsible for the highly ordered crystalline structure of
starch (Luo and Shi, 2012). It can be assumed that the reaction
between OH groups of starch and carboxylate groups of acrylic
acid decreased the formation of intermolecular hydrogen
bonds in starch that could lead to the destruction of the
ordered crystalline structure of starch.
The X-ray diffraction (XRD) patterns of OMMT and LLDPEg-PAA-co-starch/OMMT hydrogel composite are shown in
Fig. 2b. An intense reflection at 2θ = 4.32° was seen for
OMMT (Fig. 2b), which corresponded to the (001) plane of
OMMT (Irani et al., 2013). In comparison to OMMT, the absence
of the peak attributed to (001) plane of OMMT in the XRD
pattern of LLDPE-g-PAA-co-starch/OMMT hydrogel composite
(Fig. 2b) indicates that the exfoliation of OMMT took place in

2.1.2. X-ray analysis
The X-ray diffraction patterns of starch and LLDPE-g-PAAco-starch/OMMT hydrogel composite are depicted in Fig. 2a.
The pattern of starch (Fig. 2a) shows main peaks at 2θ = 15, 17,
18, and 23°. In the pattern of LLDPE-g-PAA-co-starch/OMMT
(Fig. 2a), the peak at 2θ = 21.7° corresponded to the LLDPEg-PAA that was discussed in our previous work (Irani et al.,
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Fig. 3 – (a) 13C solid-state NMR spectrum of starch and LLDPE-g-PAA-co-starch/OMMT, (b) 29Si solid-state NMR spectrum of
OMMT and LLDPE-g-PAA-co-starch/OMMT.
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the hydrogel composites. This suggests that the delaminated
layers of clay were individually dispersed in a continuous
polymer matrix.

Si nuclear magnetic resonance spectroscopy

Fig. 4 – A proposed mechanism for the LLDPE-g-PAA-co-starch/OMMT hydrogel composite.
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C solid-state NMR spectroscopy and 29Si solid-state NMR
spectroscopy were utilized to confirm the FTIR results. Fig. 3a
shows 13C CP MAS spectra of starch and LLDPE-g-PAA-co-starch/
OMMT. The spectrum of starch (Fig. 3a) shows four peaks
including C1 (101 ppm), C2,3,5 (72.37 ppm), C4 (81.78 ppm) and C6
(61.80 ppm). In the spectrum of LLDPE-g-PAA-co-starch/OMMT,
the broad band at 30–50 ppm is assigned to the CH and CH2 of
PAA which overlapped with CH, CH2, and the tertiary carbon of
LLDPE. In our previous work (Irani et al., 2013), the spectrum of
LLDPE-g-PAA (not shown here) depicted a single sharp peak at

sc

13

29

je

2.1.3. 13C and
(NMR)

177.63 ppm that corresponded to the carbonyl carbon of acrylic
acid. In the spectrum of LLDPE-g-PAA-co-starch/OMMT, carbonyl carbon of acrylic acid exhibited a wide peak from 178 to
184 ppm. This can be attributed to the reaction between the
carboxylate groups of acrylic acid and the hydroxyl groups of
starch and clay (OMMT). According to our preceding work (Irani
et al., 2013), the LLDPE-g-PAA spectrum displayed a peak at
62.11 ppm which was related to the C–O of dimer PAA. In our
current work the peak appears at 63.04 ppm in the spectrum of
LLDPE-g-PAA-co-starch/OMMT which corresponds to the C6 of
starch that overlapped with the C–O of dimer PAA. A peak at
73.53 ppm is related to the C2,3,5 of starch that shows a slight
shifting compared to the peak in the spectrum of starch. The
peak at 101 ppm in spectrum of starch that is corresponded to
the C6 of starch shifted slightly to 103.1 ppm in the spectrum of
LLDPE-g-PAA-co-starch/OMMT.
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Table 1 – Removal capacities (qmax) of Pb(II) ion by various
adsorbents.

The spectrum of OMMT (Fig. 3b) depicts an intense Si peak
at about − 93.66 ppm which corresponded to the tetrahedral
(3Si,Al) units of the octahedral sheet (Irani et al., 2013). This
peak shifted to − 94.02 ppm in the LLDPE-g-PAA-co-starch/
OMMT spectrum. Thus it is apparent that an interaction
occurred between OMMT clay particles and the hydrogel
composite matrix (LLDPE-g-PAA-co-starch) resulting in a
shifting of the Si peak, and a change in the chemical
environment of Si in the clay platelets. These Si-NMR results
are consistent with the FTIR analysis results explained
above.

2.1.4. Mechanism of hydrogel composite formation
A proposed LLDPE-g-PAA-co-starch/OMMT formation mechanism is shown in Fig. 4. Benzoyl peroxide used as an
oil-soluble initiator can be decomposed under heating to
form benzoate radicals. Benzoate radicals can extract hydrogen from carbon atoms of the LLDPE chains to produce carbon
radicals. These active centers on the backbone chains initiate
the grafting of AA and starch. Since MBA (as a crosslinker) is
present in the reaction, a cross-linked structure is formed.
Because MBA is a bifunctional crosslinker, a crosslinker
macroradical is generated that includes four active sites.
These active sites can link with the radicals on the acrylic
acid, starch, and LLDPE. It should be mentioned that in Fig. 4
only two active sites on the crosslinker (MBA) are depicted.
Clay particles were dispersed in the polymeric network
and from the FTIR and Si-NMR results it can be concluded
that there are interactions between the OH groups of clay
(OMMT) and the functional groups (OH, COOH and –COO−) of
LLDPE-g-PAA-co-starch.

2.2.1. Effect of initial pH and concentration of Pb(II) solution on
Pb(II) adsorption
The pH of the adsorption solution significantly affects the
adsorption process of heavy metal ions onto adsorbents.
Fig. 5a shows the effect of pH on the adsorption of Pb(II). At a
low pH level (less than 4.5), more COO− groups are covered
with H+ ions and converted into COOH. This reduces the
ability of Pb(II) ions to compete with H+ ions for adsorption
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sites. With an increase in pH value from 2 to 4.5, competition
from the H+ ions is reduced and Pb(II) can be adsorbed on the
adsorbent. According to the results from Fig. 5a, the initial pH
value of 4.5 was selected as the optimum pH value for the
experiment.
Fig. 5b shows the effects resulting from an increase in the
concentration of Pb(II) solutions. From the results it can be
seen that the adsorption capacity of the hydrogel was
enhanced with an increase in the initial concentration of
Pb(II) ions in the solution. When the initial concentration of
Pb(II) solutions exceeded 500 (mg/L), the adsorption capacity
of the hydrogel remained almost constant. This phenomenon
is attributed to the fact that when the concentration of Pb+2
solutions increased to 500 (mg/L) the active adsorption
positions of the hydrogel were almost filled by metal ions,
and the adsorption activity of the hydrogel as an adsorbent
was limited (Thirumavalavan et al., 2009). The adsorption
capacity of the hydrogel remains almost constant with a
concentration of Pb(II) more than 500 (mg/L) due to unavailability of adsorption sites.

2.2. Adsorption properties
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Fig. 5 – (a) Effects of pH on the Pb(II) adsorption capacity, (b) the change of adsorption capacity as a function of initial Pb(II)
concentration.
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Fig. 6 – Freundlich (a) and Langmuir (b) isotherms for Pb(II) adsorption.

Although a direct comparison of LLDPE-g-PAA-co-starch/
OMMT hydrogel with other sorbents does not seem feasible
because of different experimental conditions, the maximal
Pb+2 uptake of the prepared hydrogel (430 mg/g) is comparable
or even superior to other reported adsorbents (Table 1).

2.2.2. Modeling of equilibrium sorption
Langmuir and Freundlich sorption isotherms were employed
to study the adsorption capacity of the hydrogel composites
as a function of metal ion concentration. The Langmuir
isotherm model assumes that all adsorption sites over a
homogeneous adsorbent surface are identical and energetically equivalent, while the Freundlich isotherm model is
based on a heterogeneous system identified by a heterogeneity factor of 1/n (Zhang and Wang, 2010). In the Freundlich
model, 1/n shows the favorability of the adsorption. If 1/n is
less than 1.0 (1/n < 1), the adsorption intensity is favorable
over the entire range of concentration investigated. But if 1/n
was more than 1.0 (1/n > 1), the adsorption intensity is
favorable at a higher concentration, and much less at a
lower concentration (Yan et al., 2012). The Langmuir and
Freundlich isotherm models are explained by Eqs. (3) and (4)

respectively (Kumar, 2006).
Langmuir equation :

Freundlich equation :

430
Freundlich model
kF (mg/g) (L/mg)1/n
1.35

qmax,cal
(mg/g)
500

kL (L/mg)

R2

RL

0.0035

0.96

0.32

n
0.82

R2
0.90

1
kL qmax

logðqe Þ ¼



1
Ce


þ

1
qmax

ð3Þ

1
logðC e Þ þ logk F
n

ð4Þ

400
380
360
qe (mg/g)

Langmuir model
qmax,exp (mg/g)



where, qe is the amount of heavy metal ion (Pb2+) adsorbed at
equilibrium (mg/g), Ce is the liquid-phase ion (Pb(II)) concentration at equilibrium (mg/l), qmax is the maximum adsorption
capacity of the adsorbent (mg/g), and kL is the Langmuir
adsorption constant (L/mg). kF is the Freundlich isotherm
constant (L/g), and 1/n is the heterogeneity factor.
The plots of 1/qe against 1/Ce and logqe against log Ce give
a straight line (Fig. 6). The values qmax and kL as well as kF and
1/n were obtained from the slopes and intercepts of the linear
forms of the corresponding plots. The constant qmax is the
equilibrium constant and kL shows the inverse of the
theoretical monolayer capacity.
Langmuir and Freundlich parameters calculated from
Eqs. (3) and (4) respectively are listed in Table 2.

Table 2 – The isotherms and kinetic parameters for Pb(II)
adsorption onto hydrogel composite.
Isothermal
models a

1
¼
qe

340
320
300
280

k2 (g/(mg·min))
2.3 × 10−4

R2
0.99

Adsorption experiments: initial concentration: 20–600 mg/L; pH:
4.5; stirring rate: 120 r/min.
b
Adsorption experiments: initial concentration: 400 mg/L; pH: 4.5;
stirring rate: 120 r/min.
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Fig. 7 – Adsorption rate of Pb(II) solution for
LLDPE-g-PAA-co-starch/OMMT. Initial Pb(II) concentration:
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120 r/min; temperature: 27°C.
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Fig. 8 – Scanning electron micrographs of hydrogel composite. (a) Prior to Pb(II) adsorption, (b) after Pb(II) adsorption.

RL is defined as a dimensionless separation factor that is an
essential characteristic of the Langmuir equation. It can be
defined as follows:
RL ¼

1
ð1 þ kL C 0 Þ

ð5Þ

where, C0 is the highest initial solute concentration of
metal ion and kL is the Langmuir's adsorption constant
(L/mg). The value of RL shows the tendency of the adsorption
process, which can be either unfavorable (RL > 1), favorable
(0 < RL < 1), linear (RL = 1), or irreversible (RL = 0) (Yan et al.,
2012). Data from Table 2 shows that the value of RL was in the
range of 0–1. This confirms the favorable uptake of the metal
ion.
As shown in Table 2 the Langmuir model describes
experimental data with a correlation factor (R2) of 0.96,
whereas in the Freundlich model it is only 0.90. Thus the
results show that the Langmuir model provides the better
satisfactory description on the lead ion adsorption by the
hydrogel composite that indicates the homogeneous surface
of the adsorbent and the monolayer coverage of lead ions.

2.2.3. Adsorption kinetics
The effect of contact time on the adsorption of lead ion is
shown in Fig. 7. The kinetics of lead ion removal reveals that
the adsorption process of the hydrogel composite was fast for

the first 20 min and that the absorbency rate achieved
312 mg/g within 20 min. The adsorption of the hydrogel
composite for Pb(II) reached equilibrium at 70 min.
Two kinetic models for the sorption process in solid/liquid
systems were studied to evaluate the adsorption kinetics
processing including pseudo first-order and pseudo-secondorder (Peng et al., 2012). The kinetic model of the pseudo
first-order Pb(II) adsorption mechanism is:
dqt
¼ k1 ðqe −qt Þ
dt

ð6Þ

where, k1 is the pseudo first-order rate constant for the
adsorption process (1/min), qe and qt are the metal ion content
that adsorbed per gram of hydrogel (mg Pb(II)/g) at equilibrium
and at time t (min), respectively. A linear form of the equation
can be obtained by an integration of the equation:
ln ðqe −qt Þ ¼ ln qe −k1 t

ð7Þ

where, k1 is the rate of constant of pseudo first-order
adsorption, which can be calculated from the slope of the
straight-line plot of ln(qe − qt) against t.
The kinetic model of the pseudo-second-order Pb(II)
adsorption is
dqt
¼ k2 ðqe −qt Þ2
dt

ð8Þ
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Fig. 9 – FTIR spectra of LLDPE-g-PAA-co-starch/OMMT hydrogel composite before (line a) and after (line b) Pb(II) adsorption.
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attraction between the metal ions and carboxylate groups
which resulted in desorption of metal ions.

where, k2 is the rate constant of the adsorption process
(g/(mg.min)) and qe and qt are the metal ion content that
adsorbed per gram of hydrogel (mg Pb2+/g) at equilibrium and at
time t (min), respectively. The linear form of integrated E8 can
be expressed as

2.3. Evidence of Pb(II) uptake
2.3.1. Morphological study

dqt
¼ k2 ðqe −qt Þ2 :
dt

ð9Þ

Fig. 8 shows the morphological change in the hydrogel
composite before and after Pb(II) ion adsorption. The hydrogel
composite (Fig. 8a) exhibits a porous structure with pores
providing regions for solution penetration into the polymeric
network and offering more interaction sites for the hydrophilic groups of the polymer network and external stimuli
(Irani et al., 2013). After Pb(II) ion adsorption, the morphology
of the hydrogel composite (Fig. 8b) was altered and pores were
no longer visible on the surface of the hydrogel composite.
The interaction between electronegative COO− groups of the
hydrogel composite and electropositive Pb(II) ion leads to the
electrostatic screening of anionic groups (COO−) in the
polymeric network. This leads to a decline in electrostatic
repulsion and shrinkage of the pores or network (Peng et al.,
2012).

The plot of t/qt ~ t results in a straight line, and pseudo
second-order rate constant k2 can be determined from the
slope of that line.
Table 2 lists the results obtained from the first-order and
second-order kinetic models. The correlation coefficient (R2 in
Table 2) for the pseudo second-order kinetic model is higher
than that of the pseudo-first-order kinetic model, and the
calculated data (qe,cal in Table 2) from the pseudo-secondorder kinetic model shows less deviation from experimental
data (qe,exp in Table 2). This finding suggests that this
adsorption system is a pseudo second-order kinetic adsorption process and the adsorption should be a chemical process.

2.2.4. Desorption and reusability
2.3.2. FT-IR analysis

Desorption is an important process for the recovery of metal
ions and the regeneration of the sorbent. The percentage of
desorption was 93% in the first circle and decreasing to 88%
and 82% after the second and third cycles respectively. The
percentage of adsorption was 97.5% in the first cycle, and it
deceased to 93% and 88% in the second and third cycles
respectively. The results of desorption experiments indicate
that the sorption process is reversible. In 0.1 mol/L HNO3
solution, the protons competed with metal ions (Pb(II)) for
carboxylic acid groups. This led to a decrease in the ionic

Fig. 9 shows FTIR results of the hydrogel composite before and
after lead ion adsorption. After lead ion adsorption on
LLDPE-g-PAA-co-starch/OMMT (Pb(II)-loaded hydrogel composite), the absorption bands of C_O of AA at 1723 cm−1,
and the symmetric and asymmetric COO− stretching at 1412
and 1580 cm−1 shifted to 1718, 1407 and 1542 cm− 1, respectively. This could be due to the formation of the coordinated
COO− and metal ion complexes or electrostatic attraction
(COO−⋯Pb(II)). It can be concluded that the negatively charged
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Fig. 10 – High resolution XPS of O 1s. (a) Before and (b) after the Pb(II) adsorption, the typical XPS spectra of hydrogel composite
(c) before and (d) after the Pb(II) adsorption.
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COO− groups in the LLDPE-g-PAA-co-starch/OMMT hydrogel
composite are the major ligands for lead ion adsorption.
Additionally, the shift of the adsorption of –OH at around
3450 cm−1 may be evidence of the inclusion of some –OH
groups binding to Pb(II) ions. Also, the absorption bands of C–
O–C stretching of starch at 1166 and 1032 cm− 1 shifted to 1159
and 1026 cm−1 and a decrease in its intensity significant a
change in the environment of C–O–C of starch.

2.3.3. XPS analysis
X-ray photoelectron spectroscopy (XPS) is a useful tool for
studying the interaction between adsorbents and adsorbates.
XPS studies of the hydrogel composite before and after Pb+2
adsorption were conducted. Fig. 10 shows the spectra of the O
1s regions. Deconvolution of the O 1s peak shows three
individual component peaks that come from different groups
and overlap on each other (Fig. 10a, b). Peaks at 528.77 and

529.85 eV (before and after Pb(II) adsorption) should be
attributed to C–O–C and C–OH (Badruddoza et al., 2011).
Peaks at 529.40 and 532.75 eV (observed before Pb(II) adsorption) and at 529.97 and 533.29 eV (observed after Pb(II)
adsorption) should be attributed to C_O and COO− of acrylic
acid respectively. The shift in binding energies after Pb(II)
adsorption is due to the binding of lead ions with the oxygen
atoms which decreases its electron density.
As the acrylic acid was partially neutralized by sodium
hydroxide in the reaction procedure as explained in the
experimental section, some COO–Na+ existed in the hydrogel
network. A typical peak at the binding energy of 1084 eV
corresponding to Na (1s) appeared in the XPS spectra before
adsorption (Fig. 10c). After Pb(II) ion adsorption (Fig. 10d), it
was observed that the Na(1s) peak disappeared, and a new
peak appeared at the binding energy of ca. 130 eV, which is
assigned to Pb(4f) (Fig. 10d). Pb+2 ion adsorption into the

+
→
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Fig. 11 – Proposed adsorption mechanisms of Pb(II) ion adsorption.
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