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ABSTRACT

In this study, we have developed pH sensitive potential semi-IPN hydrogels which are
composed from pectin, acrylamide, acrylamidoglycolic acid using N,N’-methylene-bis-acryl-
amide as a cross-linker. The formation and morphology of semi-IPNs were confirmed by
FTIR and SEM studies. Swelling and metal ion uptake studies of the semi-IPN hydrogels
were performed for Cu2+ and Ni2+ ions. Competitive adsorption studies were also carried
out for Cu2+, Co2+, and Ni2+. Further the kinetics data were fitted with pseudo-first and
pseudo-second-order kinetic models to investigate the adsorption mechanism. The equilib-
rium data were interpreted by the Langmuir, Freundlich, and Temkin models. The maxi-
mum adsorption capacity of semi-IPN hydrogels calculated from the Langmuir model was
found to be 203.7 and 121.7 mg g−1 for Cu2+ and Ni2+ ions, respectively. The adsorption
process is described by a pseudo-second-order kinetic model.
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1. Introduction

Heavy metal pollutants are mainly resulted from
many industries, like metal cleaning, mining activities,
metal finishing, etc. When these heavy metals are
released into the environment, they can cause severe
damages to the human body which including accumu-
lating poison, brain damage, and cancer. Therefore,
the removal of heavy metal ions from wastewater is

extremely important. During past decade, several
methods have been adapted for efficient removal of
toxic heavy metals from environments including coag-
ulation, ion exchange treatment, membrane filtration,
and electrochemical technologies [1]. But these meth-
ods got limited success to achieve high efficiency
because they require more time and high cost to sepa-
rate toxic metals from toxic sludge and other waste
products [2–4]. Adsorption process offers potential
advantages compared with other methods because of
flexibility in design and operation, high-quality treated
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effluent, reversible nature for multiple uses, and many
commercially available adsorbent materials, such as
activated carbon [5], zeolite [6–9], clay [10,11], sawdust
[12], bark [13], biomass [14,15], and natural polymer
based adsorbents [16–19]. Recently, among these kinds
of conventional adsorbent materials, hydrogel-based
adsorbents have attracted growing as they play a cru-
cial role in the removal of heavy metal ions [20–23].

There are a huge number of reports on natural
polymers which are used for the separation of metal
ions. Cross-linked chitosan/PVA blend beads were
developed for the removal of Cu2+ ions [24,25], orange
peel xanthate was used for the removal of Cu2+ and
Ni2+ ions [26], and also cinnamoyl derivatives of chito-
san used for uptake of Cu2+ and other metal ions [27].
Chitosan-2-aminopyridine glyoxal Schiff’s base mag-
netic nanocomposites were developed for the removal
of Cu2+ and Ni2+ ions [28]. Recently, pectin-based iron
oxide magnetic nanocomposite has been applied for
the removal of Cu2+ ions [29].

Pectin is an anionic plant polysaccharide of d-
galacturonic acid linked by α(1→4) glycosidic linkages
with variable degree of methylation. Commercial pec-
tin is mainly extracted from apple pomace [30,31] and
citrus peels [32,33]. Pectin shows the most favorable
association with metal ions called “shifted” egg-box
model of metal binding mechanism which is formed
between two neighboring chains, stabilized by van der
Waals interactions and hydrogen bonds in addition to
electrostatic interactions [34,35]. Semi-interpenetrating
polymer networks (semi-IPNs) are a class IPNs which
can be prepared with multifunctionality to yield
required properties. Hence, the semi-IPNs exhibit
response in both pH and temperature. pH sensitive
properties of hydrogels are important in fields drug
delivery systems [36,37], sanitary adsorbent materials,
metal ion removal [38] applications. Pulsatile and on-
off switching pH-sensitive behavior can be observed
by both –COOH and –NH2 groups present in the in
case of low pH medium 1–5 amines groups are ion-
ized to –NH3

+, where as in high-pH medium 8–14
acid groups are ionized to –COO− and cause struc-
tural changes to the hydrogels by ionic interactions.

Recently, we have developed thiourea-formalde-
hyde cross-linked chitosan membrane networks and
polyaniline-co-poly(acrylic acid) grafted sodium algi-
nate/gelatin membranes for the separation of Cu2+ and
Ni2+ ions [16,17]. Poly(acrylamidoglycolic acid)
(PAGA) contains –OH, –COOH, and –CONH– func-
tional groups that show excellent selectivity toward the
separation of bivalent metal ions [39,40]. This chelation
behavior of PAGA led us to explore its usefulness for
developing a new semi-IPN. In continuation of our
research, we are now developed pectin-based semi-IPN

for the removal of Cu2+ and Ni2+ ions. The developed
semi-IPN system is designed with natural (pectin) and
synthetic polymer (PAGA), which enhances the anio-
nic, hydrophilic as well as chelation behavior. The
effect of pH, temperature, monomer concentration, and
initial metal ion concentration were investigated. In
order to better understand the adsorption characteris-
tics, kinetic models like pseudo-first-order and pseudo-
second order were worked out. Isotherm models like
Langmuir, Freundlich, and Temkin were employed to
evaluate the sorption process.

2. Experimental

2.1. Materials

Synthetic grade acrylamidoglycolic acid (AGA) is
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Synthetic grade pectin, potassium persulfate (KPS),
and acrylamide (Am) were purchased from Merck
(Mumbai, India). Analytical grade cupric nitrate is
obtained from Qualigens (Mumbai, India). Synthetic
grade reagents of N,N’-methylene-bis-acrylamide
(MBA), nickel ammonium sulfate, and analytical grade
cobaltous chloride were purchased from S.D Fine
chemicals (Mumbai, India). Throughout the whole
experiment, double-distilled water was used.

2.2. Preparation of pectin-based semi-IPN hydrogels

Pectin/poly(Am-co-AGA-cl-MBA) (PPAA) semi-
IPN hydrogels were prepared by a free radical poly-
merization and the composition of semi-IPN hydrogels
is given in Table 1. The persulfate initiator is reduced
to the anion radical [(SO4)

�−], these anion radical
extracts hydrogen from the AGA, Am, and cross-
linker MBA to form respective vinyl radicals and
initiate the copolymerization to produce pectin/poly
(Am-co-AGA-cl-MBA) hydrogels, pectin as guest
polymer. The structure of prepared PPAA hydrogels
is given in Fig. 1.

Table 1
Composition of monomers in PPAA semi-IPN hydrogels

Formulation
Am
(g)

AGA
(g)

Pectin
(mL)

MBA
(1%)
(mL)

KPS
(5%)
(mL)

A 0.5 0.125 2 1.0 1
B 0.5 0.25 2 1.0 1
C 0.5 0.50 2 1.0 1
D 0.5 0.25 2 2.0 1
E 0.5 0.25 2 0.5 1
F 0.5 0.00 2 1.0 1
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Monomers, Am and AGA were dissolved in 3 mL
of distilled water and then 2 mL of pectin solution
(2 wt.%), 1.0 mL of cross-linking agent MBA (1 wt.%)
aqueous solution and 1.0 mL of KPS (5 wt.% aqueous
solution) were added. The resulting solution was kept
at 60˚C for 12 h to complete the formation of semi-IPN
hydrogels. The formed hydrogels were kept in dou-
ble-distilled water for about a week by frequently
changing the water in order to remove the unreacted
monomers and KPS. Then, the gels were dried in vac-
uum oven at 50˚C.

2.3. Swelling studies

The swelling characteristics of the PPAA semi-IPN
hydrogels were studied by the following method
described. The hydrogel samples were dried to obtain
xerogels which were used for swelling studies. The
xerogels were weighed and then immersed in a
500 mL glass beaker containing double-distilled water

at 25˚C. At specific intervals of time, the weight of
swollen hydrogels was taken by removing the excess
water on the surface of the gels. The operation was
repeated until no significant change of weights was
detected and swelling ratio (Qs) was calculated by
following equation:

Qs ¼ Ws �Wd

Wd
(1)

where Ws is the weight of the swollen PPAA semi-IPN
hydrogel and Wd is the weight of the dried PPAA semi-
IPN hydrogel. The equilibrium swelling studies also
done with different pH solutions varying from 2 to 10.

2.4. Adsorption studies

The adsorption studies of Cu2+ and Ni2+ ions on
PPAA semi-IPN hydrogels were carried out by batch

Fig. 1. Schematic representation of PPAA semi-IPN hydrogels.
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experimental studies. PPAA semi-IPN hydrogels were
added to the test solutions and kept for equilibrium.
Finally, the resulted solution was used to determine
its metal content by atomic absorption spectrometry
(AAS) (GBC, Avanta, Australia). All the data reported
in this study are based on the average of three repli-
cate measurements on each sample solution for sorp-
tion and desorption studies.

2.5. Characterization

Fourier transform infrared spectroscopy (FTIR)
measurements were performed with pure pectin,
PPAA semi-IPN hydrogels, and metal sorbed PPAA
semi-IPN hydrogels using PerkinElmer FTIR spec-
trometer (Beaconsfield, UK). The sample pellets were
prepared by grinding PPAA semi-IPN hydrogels
finely with KBr and pressing them under the hydrau-
lic pressure of 600 dynes/m2. The spectra were
obtained between 4,000 and 500 cm−1. Scanning elec-
tron microscope (SEM) images of the PPAA semi-IPN
hydrogels were recorded using a SEM (ZEISS EVO
MA15, Oxford Instrument, UK) at the required magni-
fications.

3. Results and discussion

3.1. FTIR spectroscopy

FTIR spectra of pure pectin, PPAA semi-IPN
hydrogels, and metal ions (Cu2+ and Ni2+)-loaded
PPAA hydrogels are shown in Fig. 2. The FTIR spec-
trum of PPAA semi-IPN hydrogel shows a strong
amide-I band at 1,656 cm−1 which is the characteristic

of the C=O stretching vibrations of the amide group.
A strong characteristic amide-II band which arises
from the couplings of in-plane N–H bending and C–N
stretching vibrations of the C–N–H group is observed
at 1,542 cm−1. These two bands (amide-I and II) are
the characteristics for amides because of their constant
position and strong intensities [41,42]. A broad and
merged band at 3,000–3,400 cm−1 belongs to both –OH
and –NH stretching. It can be thought that poly(Am-
co-AGA-cl-MBA) is the host polymer and pectin is
guest in this semi-IPN system. Intermolecular forces
between the pectin and host in semi-IPN hydrogels
are also shown in Fig. 1 [38,43].

In case of Cu2+ loaded hydrogels, the intensities of
all peaks become higher than pristine PPAA hydrogels
and also the peak maximum of amide band is shifted
from 1,656 to 1,662 cm−1, peak at 1,407 cm−1 is shifted
to 1,413 cm−1. This may be due to large amount of
Cu2+ present in the PPAA semi-IPN hydrogels. Where
as in case of Ni2+ loaded hydrogels, there is little
increase in the intensity of 1,407 cm−1 peak. This may
be due to less amount of Ni2+ in the PPAA semi-IPN
hydrogels. This shows that this semi-IPN hydrogels
have higher adsorption capacity for Cu2+ ions than the
Ni2+ ions.

3.2. Scanning electron microscopy

SEM images of the single PPAA semi-IPN hydro-
gel taken at 5.0 and 10 k× magnifications are shown in
Fig. 3. It was found that smooth surface was formed,
possibly due to the formation of the mixture of linear
and cross-linked polymer chains in the hydrogel.

3.3. Swelling studies

Swelling kinetics data of PPAA semi-IPN hydro-
gels are shown in Fig. 4. From figure shows that the
maximum swelling is obtained at 1950 min, the maxi-
mum swelling ratio of different formulations (shown
in Table 1) of PPAA semi-IPN hydrogels were 30, 35,
67, 19, 41, and 12 in distilled water. Swelling ratio of
PPAA semi-IPN hydrogels in water is maximum for
formulation C and minimum for formulation F. The
water uptake capacity of PPAA semi-IPN hydrogel
increases with the decrease in amount of cross-linking
agent and increase in AGA amount. Increasing in
swelling ratio may be due to increase in the hydro-
philic character of semi-IPN hydrogels as increase in
the hydroxyl and carboxylic acid groups of PAGA.
Equilibrium swelling ratios of the hydrogels at
different pH (2–10) solutions were determined and
shown in Fig. 5. When pH is increased from 2 to 10,
equilibrium swelling of hydrogels is increased due to

Fig. 2. FTIR spectra of pure pectin, PPAA semi-IPN
hydrogels, and metal ions (Cu2+ and Ni2+)-loaded PPAA
hydrogels.
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electronic repulsion of COO− ions produced from –
COOH group [44]. The trend of increase in
equilibrium swelling ratio is similar to increase in the

ratio of AGA monomer and cross-linking ratio in the
hydrogels.

3.4. Static adsorption studies

The sorption studies of the Cu2+ and Ni2+ ions on
the PPAA semi-IPN hydrogels were carried out by
batch experiments studies. To the test solutions, added
PPAA semi-IPN hydrogels and kept for equilibrium
time. Finally, the resulted solution was used for deter-
mining its metal ion content by AAS.

To the test solutions prepared in the range 1–6 mM
for concentration effect and 4 mM for remaining stud-
ies, added about 50 mg of PPAA semi-IPN hydrogels
and kept for equilibrium adsorption using a thermo-
stat to attain equilibrium. The metal concentrations
before and after the adsorption were measured using
AAS. The metal concentrations before and after the
adsorption (Co and Ce, respectively) and the dry
weight of the adsorption gel (W), as well as the vol-
ume of aqueous solution (V), the amount of adsorp-
tion (Qe) were calculated using an Eq. (2).

Qe ¼ Co � Ce

W
� V (2)

3.5. Effect of pH

The effect of pH on adsorption capacity was con-
ducted by mixing 0.05 gm PPAA adsorbents with
30 mL of 4 mM Cu2+ and Ni2+ ions in aqueous
solution with different pH value ranging from 1 to 5
static condition for 24 h on water bath, then the
residual metal concentrations were determined. The
effect of pH on adsorption capacity is shown in Fig. 6.

Fig. 3. SEM images of formulation C of PPAA semi-IPN
hydrogels with 5 and 10× magnifications.

Fig. 4. Swelling kinetics of PPAA semi-IPN hydrogels A–F.

Fig. 5. Effect of pH on equilibrium swelling of PPAA
semi-IPN hydrogels A–F.
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As the pectin is pH responsive, when pH is increased
the adsorption also increased. Although the maximum
is at pH 7, we stopped at pH 5, because of the precipi-
tation of Cu2+ and Ni2+ ions at higher parts of the con-
centration range [45,46].

3.6. Effect of monomer

To investigate the effect of adsorbent dosage on
the adsorption capacity, 30 mL of 4 mM Cu2+ and
Ni2+ solutions was adjusted to pH 5, followed by
addition of various amount of PPAA semi-IPN hydro-
gels. After equilibrium time, the residual metal con-
centrations were analyzed. The effect of monomer on
adsorption capacity is shown in Fig. 7. As the formu-
lation F doesn’t have AGA it indicates minimum
adsorption. As the monomer concentration is
increased the adsorption is increased for formulations
A–C, and further increase at formulation D is due to
increase in the cross-linking agent which causes poly-
mer chains to be close enough for easy binding of
metal ions by chelation. Decrease in adsorption at for-
mulation E is due to decrease in the amount of cross-
linking agent, and decrease in formulation F is due to
the absence of AGA monomer.

3.7. Adsorption kinetics

The influence of the contact time on the adsorption
was investigated for PPAA semi-IPN hydrogels. The
experiment was carried out with concentration of
30 mL of 4 mM Cu2+ and Ni2+ at pH 5. The adsorption
equilibrium conditions were reached after about 12 h
for Ni2+ and 24 h, minimum time to take adsorption

equilibrium and it is decided by constant adsorption
with time in the graph Qe vs. time. The effect of con-
tact time on equilibrium adsorption is shown in Fig. 8.
Adsorption dynamics is used to describe the solute
uptake rate which controls the residence time of
adsorbate uptake at the solid–solution interface. Two
kinetics models were used to analyze adsorption
kinetics, namely, pseudo-first order and pseudo-
second order. The pseudo-first-order model is
presented by the following equation:

log Ce �Qtð Þ ¼ logCe � K1

2:303
t (3)

The plot of log (Ce–Qt) against t provides a linear
relationship from which K1, constant of pseudo-first-
order adsorption (min−1) using Qt is the adsorption
capacity at time t, (mg g−1) and Ce. The pseudo-
second-order model is presented by the following
equation:

t

Qt

¼ 1

K2Q
2
e

þ t

Qe
(4)

The plot of t/Qt against t provides a linear rela-
tionship from which K2, rate constant of pseudo-
second-order adsorption (g mg−1 min−1) and Qe,
adsorption capacity at equilibrium (mg g−1) are deter-
mined from the slope and intercept of the curve.

The kinetic parameters for adsorption of Cu2+ and
Ni2+ ions by PPAA semi-IPN hydrogels are given in
Table 2 and graphs are shown in Fig. 8. The
experimental Qe values are in agreement with the
calculated values using pseudo-first-order and

Fig. 6. Effect of pH for adsorption of Cu2+ (■) and Ni2+ (♦)
ions on PPAA semi-IPN hydrogels.

Fig. 7. Effect of monomer for adsorption of Cu2+ (■) and

Ni2+ (♦) ions on PPAA semi-IPN hydrogels.

6508 N. Sivagangi Reddy et al. / Desalination and Water Treatment 57 (2016) 6503–6514



pseudo-second-order kinetics. Based on the obtained
correlation coefficients (r2), the pseudo-second-order
equation was the model that furthered the best fit for
the experimental kinetic data, suggesting chemical
sorption as the rate-limiting step of the adsorption
mechanism and no involvement of a mass transfer in
solution [47].

3.8. Adsorption isotherms

The sequential adsorption data of single-metal ion
species are useful to investigate the metal ion adsorp-
tion performances in single-metal ion system. The
metal ion adsorption data from the isotherm
adsorption experiments can be fitted with Langmuir,
Freundlich, and Temkin models that provide useful

information such as the maximum adsorption capac-
ity, adsorption affinity, and heat of adsorption [48–50].

The isotherms were linearized by several batch
experiments, PPAA semi-IPN hydrogels were equili-
brated with varying initial concentrations of Cu2+ and
Ni2+ ions at pH 5.0. Although optimum pH was found
as 7.0, the adsorption capacity of Cu2+ and Ni2+ ions
on the PPAA semi-IPN hydrogels was studied at pH
5.0, because of the precipitation of Cu2+ and Ni2+ ions
at higher parts of the concentration range. After equi-
librium time, the hydrogels were removed from the
solutions and the solutions were analyzed by AAS for
residual amount of metal ions.

All the Langmuir, Freundlich, and Temkin models
of the single species metal ion isotherm adsorption
fitting parameters are given in Table 3.

Langmuir isotherm is given by the Eq. (5). where
Q is the amount of adsorbed Cu2+ and Ni2+ ions on

Fig. 8. Effect of (a) contact time (b) first order (c) second
order for adsorption of Cu2+ (■) and Ni2+ (♦) ions on
PPAA semi-IPN hydrogels.

Table 2
Kinetic models and constants for adsorption of Cu2+ and
Ni2+ ions by PPAA semi-IPN hydrogels

Metal ions Kt (b) × 10−2 Qet r2

First order model
Cu2+ 12.7 0.243 0.980
Ni2+ 16.8 0.297 0.966
Second order model
Cu2+ 45.1 1.848 0.999
Ni2+ 152.8 2.681 0.997

Table 3
Different isotherm models and constants for adsorption of
Cu2+ and Ni2+ by PPAA semi-IPN hydrogels

Langmuir isotherm constants

Metal KL Qmax(mg g−1) r2

Cu2+ 652.80 203.7 0.986
Ni2+ 0.13 121.7 0.989

Freundlich isotherm constants

Metal KF N r2

Cu2+ −0.377 3.28 0.950
Ni2+ 0.322 0.19 0.975

Temkin isotherm constants

Metal ln A B r2

Cu2+ 1.548 1,625 0.965
Ni2+ 0.114 22,109 0.996
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the pectin-based hydrogels at equilibrium (mol g−1),
Ce is the equilibrium concentration of Cu2+ and Ni2+

ions in solution (gm L−1), and Qmax and b are Lang-
muir constants related to the maximum adsorption
capacity and energy of adsorption, respectively. The
Langmuir equation can be linearized as Eq. (6) for the
determination of Langmuir constants.

Q ¼ Qmax b Ce

1þ b Ce
(5)

Ce

Q
¼ 1

Qmax
Ce þ 1

b Qmax
(6)

The Freundlich isotherm model is based on the
assumption of adsorption on heterogeneous surfaces
and situations that involve multilayer adsorption. The
Freundlich isotherm is usually given as below.

Q ¼ KFCe1=n (7)

where KF and n are the Freundlich constants related
to adsorption affinity and adsorption intensity,
respectively. The Freundlich equation can be linear-
ized in logarithmic form for the determination of
Freundlich constants as:

logQ ¼ 1

n
logCe þ logKF (8)

The Temkin isotherm assumes that heat of adsorp-
tion (function of temperature) of all molecules in the
layer would decrease linearly with coverage [51] as
implied in the equation; its derivation is characterized
by a uniform distribution of binding energies.

Qe ¼ RT

b
ln Aþ RT

b
ln Ce (9)

It can be found from Table 3 that the model gener-
ally fits the Langmuir model isotherm adsorption data
better than the Freundlich adsorption, whose results
give a higher r2 values for the Langmuir model fitting
than the Freundlich model fitting. The adsorption
affinity values of KF follow the sequence of Ni2+ >
Cu2+ ions. However, the Qmax values follow a differ-
ent trend of Cu2+ >> Ni2+.

3.9. Selectivity experiments

The competitive absorption experiments were con-
ducted by preparing mixture of Cu2+, Co2+, and Ni2+

ions, and each metal ion initial concentration was

200 mg L−1 (200 ppm) and the results are shown in
Table 4. In order to investigate the selectivity of the
adsorbent, static adsorption experiment results were
used for evaluation. The selectivity coefficient for the
binding of Ni2+ ions in the presence of competitor ions
can be obtained from equilibrium binding data accord-
ing to the following equation:

K ¼ KdðNiIIÞ
KdðMIIÞ (10)

where K is the selectivity coefficient, Kd is the distribu-
tion coefficient, and (MII) represents Co2+ and Cu2+. K
represents Ni2+ adsorption selectivity when there are
other metal ions in aqueous solution. The larger K
indicates that the system has stronger ability for Ni2+

ion, same was also expected by larger free energy
△Go values.

3.10. Thermodynamic studies

Thermodynamic parameters of adsorption can
evaluate the orientation and feasibility of the physico-
chemical adsorptive reaction and can provide strong
information regarding the inherent energy and struc-
tural changes due to metal ion adsorption process.
These aspects were determined from the experimental
data obtained using the following equations:

lnKC ¼ �DHo

RT
þ DSo

R
(11)

DGo ¼ �RT lnKC (12)

where KC is the equilibrium coefficient for the adsorp-
tion. △So, △Ho , and △Go are the change of entropy,
enthalpy, and Gibbs free energy, T is the absolute tem-
perature and R is gas constant. The values △Ho and
△So were calculated from the slope and intercept of
the Van’t Hoff linear plots of ln KC vs. 1/T the results
are presented in Table 5 and graph is shown in Fig. 9.
The negative value for the Gibbs free energy for

Table 4
Selectivity studies for Cu2+, Ni2+, and Co2+ ions by
PPAA semi-IPN hydrogels

Metal Ce (ppm) Cp (ppm) Kd K

Ni 7.70 192.30 24.97 8.00
Co 95.85 104.15 1.09 0.04
Cu 65.90 134.10 2.04 0.08
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adsorption of Cu2+ and Ni2+ ions shows that the
adsorption process is spontaneous and also the degree
of spontaneity increases with increasing temperature.
The overall adsorption process seems to be exothermic
(△Ho = −5.54 J mol−1) for Cu2+ and endothermic
(△Ho = 10.2 J mol−1) for Ni2+. Although not very high,
these values of △Ho can be interpreted on the basis of
considerably strong interaction between metal ions
and PPAA semi-IPN hydrogel. One possible explana-
tion of positive △Ho is that the Ni2+ ions are well sol-
vated, in order to adsorption of the Ni2+ ions they
have to lose part of their hydration sheath, which
requires energy that means it is an endothermic
process. This energy of dehydration supersedes the

exothermicity of the Ni2+ ions getting adsorbed to the
hydrogel [52]. Entropy has been defined as the degree
of △So reflects good affinity of the system. The positive
values of S reflect good affinity of metal ions towards
PPAA semi-IPN hydrogels, and increased randomness
at the solid–solution interface during adsorption of
metal ions on to PPAA semi-IPN hydrogels. Since
adsorbed metal ions decreases, the number of water
molecules increases [53,54]. Moreover, it is found that
△H < T△S, indicating that the influence of T△S is
more remarkable than enthalpy of adsorption. Adsorp-
tion is thus likely to occur spontaneously at normal
and high temperatures because △H −T△S is <0.

3.11. Desorption and reuse studies

Desorption of Cu2+ and Ni2+ from gels was studied
with HCl and EDTA as regenerants. 0.1 M of HCl and
EDTA are used 81 and 92% of desorption was
achieved. In case of acid, regenerant protonation of
amines and carboxyl groups tales place and metal ions
were desorbed in to the solution, whereas affinity of
chelation of Cu2+ and Ni2+ with EDTA to form EDTA
complex is driving force for desorption when we use
EDTA as regenerant. The desorbed hydrogels were
washed with 0.01 M molar NaOH solution for regen-
eration of acidic sites for further extraction. The cycle
of extraction recovery and regeneration was repeated
for five times. The uptake performance of regenerated
sorbent was found to be close to the freshly prepared
sorbents which indicate that the sorbents can be
regenerated and reused, respectively, at least for five
times.

3.12. Comparison with literature

The adsorption capacity of present work is
compared with the literature and is presented in Table 6.
It was reported in the literature that Chitosan/PVA
beads shows an adsorption capacity of 47.85 mg g−1 of

Table 5
ΔGo and ΔSo of Cu2+ and Ni2+ ions adsorption by PPAA semi-IPN hydrogels calculated by Eqs. (11)–(12) at different
temperatures

Metal 1/T × 10−5 Cequ Cads KC ln Kc ΔGo ΔHo ΔSo

Cu2+ 341 53.28 200.92 3.77 1.33 −3.29 – 9.13
329 53.60 200.60 3.74 1.32 −3.38 554.44 –
319 53.89 200.30 3.71 1.31 −3.47 – –

Ni2+ 341 24.87 209.88 8.43 2.13 −5.28 1.02 21.17
329 24.68 210.08 8.51 2.14 −5.48 – –
319 24.28 210.47 8.67 2.16 −5.70 – –

Fig. 9. Temperature effect on adsorption of (a) Cu2+ (■)
and Ni2+ (♦) ions for PPAA semi-IPN hydrogels.
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Cu2+ [24]. Chitosan and cross-linked chitosan beads
exhibit an adsorption capacity of 80.71 mg g−1 of Cu2+

[25]. Orange peel xanthate exhibits an adsorption
capacity of 77.6 and 15.5 mg g−1 for Cu2+ and Ni2+,
respectively [26]. Chitosan derivatives exhibit an
adsorption capacity of 36.4 and 3.1 mg g−1 for Cu2+ and
Ni2+, respectively [27]. Magnetic chitosan-2-aminopyri-
dine glyoxal Schiff’s base resin shows an adsorption
capacity of 124 and 67 mg g−1 for Cu2+ and Ni2+, respec-
tively [28], and pectin-based composites show an
adsorption capacity of 48.99 mg g−1 for Cu2+ [29]. The
adsorption capacity values reported in the present
study are higher than the above values reported in the
literature. The higher adsorption capacity of PPAA
semi-IPN hydrogels is due to the presence of multi-
functional groups, such as such as –OH, –COOH and –
CONH2, which are having better chelation with the
metal ions. From this observation, it may be concluded
that the PPAA semi-IPN hydrogels have good adsorp-
tion capacity for Cu2+ and Ni2+ ions.

4. Conclusion

The present study focuses on the synthesis of new
PPAA semi-IPN hydrogels, and their characterization
by FTIR, SEM, and finally the removal studies of Cu2+

and Ni2+ ions from aqueous solution. Adsorption of
Cu2+ and Ni2+ is depending on pH of the medium
and it is found to be effective at pH 5. Equilibrium
data were fitted to different isotherm models. Among
these models, Langmuir model is in good agreement
with the experimental data with high r2 values. Maxi-
mum adsorption capacity for Cu2+ and Ni2+ ions is
203.7 and 121 mg g−1, respectively. Kinetic study
showed that the pseudo-second-order model is
appropriate to describe the adsorption process. Selec-
tivity studies show that Ni2+ has more selective than
Cu2+ ion. The dependence of adsorption of Cu2+ and
Ni2+ ions on temperature was investigated and the

thermodynamic parameters △Go, △Ho, and △So were
calculated. The results showed that adsorption process
is feasible, spontaneous, and exothermic. The mecha-
nism of adsorption includes mainly ionic interactions
(chemical interactions) between metal cations and
PPAA semi-IPN hydrogels. The adsorption–desorption
cycle results demonstrated that the regeneration and
subsequent use of the PPAA semi-IPN hydrogels
would enhance the economics of practical applications
for the removal of Cu2+ and Ni2+ ions from water and
wastewater.
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