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Series of novel hydrogels based on 2-hydroxyethyl acrylate (HEA) and itaconic acid (IA), P(HEA/IA)
copolymers, were prepared by free radical cross-linking copolymerization and investigated as poten-
tial adsorbents for Cd?* removal from aqueous solution. The hydrogels before and after Cd?* adsorption
were characterized using FTIR, DSC, SEM/EDX, AFM and DMA analysis. The swelling results showed that
these hydrogels are pH and temperature sensitive. In order to evaluate adsorption behavior of samples
various factors affecting the Cd%* uptake behavior, such as: contact time, temperature, pH, ionic strength,

ﬁ%":g;g? adsorbent weight, competitive ions and initial concentration of the metal ions were investigated. Five
Cadmium adsorption adsorption isotherms and two kinetic models were studied. The adsorption behavior can be very well
Surface topography described by the pseudo-second order kinetic model and Langmuir isotherm. Multicomponent adsorption
Isotherm studies revealed that adsorption of cadmium depends on the type of metal ions present in the system.
Multicomponent adsorption Desorption studies showed that hydrogel can be reused three times with only 15% loss of adsorption
Reusability capacity. All results indicate that the sample with the highest IA content is the most promising adsorbent

for Cd?* removal.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Discharges of effluents containing heavy metals, even in
low concentrations, has resulted in a number of environmental
problems. Unlike organic pollutants, heavy metal ions are not
biodegradable. They tend to accumulate in the organisms and enter
the food chains through various pathways, which cause serious
harm to human health [1-5].

Cadmium is considered to be an extremely toxic metal with-
out known biological function [6]. It has been released to the
environment through combustion of fossil fuels, metal produc-
tion, application of phosphate fertilizers, and the manufacturing
of batteries, pigments and screens [7]. Cadmium may cause seri-
ous damage to living organisms, even at very low concentrations.
Because of the toxicity and bioaccumulation, US Environment Pro-
tection Agency has classified cadmium as group B1 carcinogen. The

* Corresponding author. Tel.: +381 11 3303 703; fax: +381 11 3370 387.
E-mail address: simonida@tmf.bg.ac.rs (S.Lj. Tomi¢).

http://dx.doi.org/10.1016/j.apsusc.2015.02.133
0169-4332/© 2015 Elsevier B.V. All rights reserved.

World Health Organization (WHO) has set a maximum guideline
concentration of 0.003 mgL-! for Cd in drinking water [8].

There are various methods for removing heavy metals from
aqueous solution, including adsorption, chemical precipitation, ion
exchange, membrane filtration and reverse osmosis [9]. Among
them, adsorption is one of the most effective methods for heavy
metals removal, due to its high efficiency, ease of operation, cost
effectiveness and no secondary pollution [10-12].

Recently, hydrogels have attracted much attention, because
when compared with conventional solid adsorbents they have
many advantages, such as biocompatibility, biodegradability, lack
of toxicity, ability of incorporating different functional groups into
the polymeric networks, easy handling and reusability [13,14].
Among them, pH-sensitive hydrogels are very interesting because
they possess ionic functional groups and are widely studied as
adsorbents for the removal and separation of metal ions [15-18]
or ionic dyes from wastewater [19,20].

Although many works have focused on adsorption of heavy
metals on hydrogels, only few authors investigated application of
hydrogels based on 2-hydroxyethyl acrylate (HEA) in metal ions
removal from aqueous solutions [21-24].
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In this study, a novel poly(2-hydroxyethyl acrylate/itaconic
acid) (P(HEA/IA)) hydrogels were synthesized by free radical
copolymerization/crosslinking, and used in removal of Cd2* ions
from water for the first time. The structure of P(HEA/IA) hydro-
gels was confirmed by FTIR spectroscopy and the samples were
also characterized using differential scanning calorimetry (DSC),
scanning electron microscopy (SEM/EDX), atomic force microscopy
(AFM) and dynamic-mechanical analysis (DMA) spectroscopy. The
influence of initial pH of the solution, adsorbent dosage, tempera-
ture and ionic strength on the Cd?* ion adsorption on P(HEA/IA)
hydrogels were studied. Furthermore, pseudo-first order and
pseudo-second order kinetics as well as five adsorption isotherm
models were applied to verify the mechanism and kinetics of the
adsorption process. In addition, the adsorption of cadmium was
studied in a multicomponent heavy metal ion experiment. Finally,
desorption and reusability of hydrogels were investigated.

2. Materials and methods
2.1. Materials

2-hydroxyethyl acrylate (HEA), ethylene glycol dimethacrylate
(EGDMA), potassium persulfate (KPS) and N,N,N',N'-
tetramethylethylene diamine (TEMED) were purchased from
Sigma-Aldrich. Itaconic acid (IA) was supplied from Fluka. All
reactants were of analytical grade and used as received. Cad-
mium stock solution (1000mgL-1) was prepared by dissolving
Cd(NOs3),-4H,0 (Merck, p.a.). Buffer solutions with different pH
values were prepared using hydrochloric acid (La Chema), potas-
sium chloride (Fluka), potassium mono- and dihydrogenphosphate
(Fluka) and sodium hydroxyde (Fluka). Deionized water was used
for all polymerizations, preparation of solutions and buffers.

2.2. Hydrogel synthesis
The P(HEA/IA) hydrogels were synthesized via free radi-

cal polymerization/cross-linking, with IA mole fractions of 2.0,
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5.0, 7.0, and 10.0 (Scheme 1). In all polymerizations, ethyl-
ene glycol dimethacrylate (EGDMA) was used as cross-linking
agent, potassium persulfate (KPS), as initiator, and N,N,N’',N’-
tetramethylethylene diamine (TEMED), as activator. All reactants
were dissolved in water/ethanol mixture and the reaction mix-
ture was degassed and placed between two glass plates sealed
with a rubber spacer (2-mm thick). The reaction was carried out
at 50°C for 24 h. After the reaction, the gels were cut into disks
and immersed in water for a week to remove unreacted chemi-
cals, by changing water daily. The disks were dried to xerogels at
room temperature. The dimensions of the xerogel disks used in
each experiment were 0.450 +0.010 cm (average in diameter) and
0.150 £0.010 cm (average in thickness).

2.3. Characterization

2.3.1. Swelling studies

Swelling measurements were carried out in buffers, in a pH
range of pH (2.20, 3.85, 5.45 and 6.80) at 25°C, and in the tem-
perature range of 10-50°C at pH 6.80. Swelling of the hydrogels
was also investigated in deionized water and in Cd2* ion solution.
Hydrogels were immersed in the swelling medium and left for 48 h
to attain swelling equilibrium. The equilibrium degree of swelling
was calculated as follows:

_me—mo

Q== (M
where m, is the weight of the hydrogel swollen at equilibrium and
my is the weight of the xerogel. The mean values of three swelling
measurements are presented.

2.3.2. Hydrogel characterization

The hydrogels were characterized before and after cadmium
adsorption. Dynamic-mechanical analysis (DMA) was performed
on Discovery Hybrid Rheometer HR2 (TA Instruments) operating
in shear mode, parallel plate geometry. Diameter of the plates was
25 mm. The storage modulus, G/, was measured as a function of

HO

P(HEA/IA)

Scheme 1. Hydrogel synthesis.
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Table 1

Adsorption isotherm models used to fit the adsorption experimental data.
Isotherm Equation Reference

; 1 _ 1 11

Langmuir R o [25]
Freundlich Inge = InKg + 1 InC, [26]
Redlich-Peterson In (K;p gf - l) =pf-InC +Ilnag [27]
Temkin q=%Inkr + & InC, [28]
Dubinin-Radushkevich (D-R)  Ing, =Ing, — B&? [29,30]

frequency (varied from 0.1 to 100rad/s) at a shear strain of 1% at
25°C. Fourier transform infrared (FTIR) spectra of the hydrogels
were recorded in the transmission mode using a Bomem 100 FTIR
spectrophotometer, as KBr pellets. Scanning electron microscope
(SEM/EDX) was used to investigate the hydrogels morphology.
Measurements were taken on a JEOL J[SM-5800 scanning elec-
tron microscope. Atomic force microscopy (AFM, AutoProbe CP
Research, TM microscopes) in non-contact mode was used to
investigate the surface topography of the hydrogels. The glass
transition temperatures of P(HEA/IA) hydrogels were determined
with a DSC (TA Instruments Q2000 system). The DSC was cali-
brated with metallic indium standards (99.9% purity). The hydrogel
samples were desiccated for 24 h at 40°C in vacuum, and tested
in crimped aluminum pans at a rate of 20°C/min, under nitrogen
gas flow (50mlmin—1), in the temperature range of —50 to 150°C
to eliminate any residual water. The aqueous phase concentration
of Cd?* was determined by ICP-OES Thermo iCAP 6500 system,
equipped with the Thermo iTEVA software, a concentric nebulizer,
and a Cyclonic Spray Chamber. Blank and calibration standards
were prepared in 2% nitric acid for all the measurements.

2.4. Adsorption experiments

Batch adsorption experiments were conducted to study the
effect of different parameters on the adsorption of Cd?* on
P(HEA/IA) hydrogels. All experiments were carried out in 80 ml
flasks containing 50 ml of aqueous solution of Cd(NO3),-4H,0 and
0.03 g of hydrogel. The solutions were stirred with a constant speed
of 100 rpm for 48 h.

The effect of pH (2.0-7.0), adsorption time (0.5-48 h) and initial
Cd?%* ion concentration (10-500mgL-!) on the adsorption were
studied. The pH of the aqueous phase was adjusted with dilute
NaOH or HNO3 and measured with a Hanna pH meter using a
combined glass electrode.

In order to investigate the effect of temperature and adsorbent
dosage on adsorption process, the equilibrium sorption measure-
ments were carried out in 10mgL-! Cd2?* ion solutions and pH
5.5, at 10, 25 and 50°C and hydrogel mass within the range
0.008-0.09 g. To study the influence of ionic strength on the adsorp-
tion, ionic strengths of the solutions were adjusted with NaCl
concentration range from 0 to 0.3 mol L.

Five adsorption isotherm models were used to fit experimen-
tal data: Langmuir, Freundlich, Redlich-Peterson, Temkin and
Dubinin-Radushkevich (D-R) isotherm. The linear forms of listed
models are presented in Table 1.

The Cd?* adsorption capacity q (mgg~!) and adsorption effi-
ciency (%) were calculated from Egs. (2) and (3):

(G -C)-V
=" (2)
Adsorption efficiency (%) = (COC;C‘J x 100 (3)
0

where Cq (mgL~1) and C, (mgL~1) are the initial and final concen-
tration of cadmium, V(L) is the volume of the solution, and mg(g) is
the hydrogel weight. All experiments were carried out in triplicate
and averaged values are reported.

2.5. Competitive adsorption

Adsorption of Cd?* ions from artificial water (containing Cd?2*,
Pb2*, Ni2*, Cu2*, Zn2* and Co?* ions) was investigated. A series of
solutions containing different combinations of heavy metal ions
were prepared. The experiments were conducted as described
above, with initial concentration of each metal 10mgL-1.

2.6. Desorption and regeneration experiments

Desorption efficiency and regeneration potential of P(HEA/10IA)
hydrogel were studied. The hydrogels at adsorption equilibrium,
once loaded with Cd%* ions (separated from 10mgL-! ions solu-
tion), were placed in the volume of 100ml of the desorption
medium and shaken at 100 rpm for 48 h. In order to determine the
most effective desorption medium, desorption was done with 0.1 M
solution of CH3COOH, HCl and HNOs. To investigate the influence
of desorption medium pH on desorption efficiency, pH values of
the solutions were adjusted, from 1.5 to 5.5 using dilute HNOs.
To determine the potential reusability of the hydrogels, desorp-
tion process was carried out in a 0.1 M HNO3 aqueous solution, and
consecutive sorption-desorption cycles were repeated three times
using the same adsorbent. Desorption efficiency was calculated
using the following equation:

amount of desorbed metal ions

amount of adsorbed metal ions 100

(4)

Desorption efficiency (%) =

3. Results and discussion
3.1. Swelling studies

Swelling behavior was investigated in buffers in the pH range
of 2.20-6.80, at 25 °C. As can be seen from Table 2, the equilibrium
degree of swelling is strongly dependent on the pH of the surround-
ing media and on IA content. IA is a weak acid that has two COOH
groups with different pKa values. These two COOH groups do not
behave in the same way, the primary one is more reactive and easily
ionizes whereas the secondary COOH group undergoes dissociation
rather slowly. At pH below pK, values (pKg; =3.85 and pKg; = 5.45)
carboxylic groups of itaconic acid are not ionized and the degree
of swelling is low. As the pH value of the surrounding media rises
above first and second pKj value, the electrostatic repulsive forces
among the carboxylic anion groups become dominant driving force
in the swelling process. As a result the degree of swelling increases
significantly and this phenomenon is most expressed for the sam-
ple with the highest IA content. The swelling behavior of hydrogels
was also investigated in deionized water as well as in Cd2* solu-
tions used for adsorption measurements. As it can be seen from
Table 2,inthese media the hydrogels swelling degree changes in the
opposite way compared to swelling in buffer solutions (above pH
5.45).The decrease in swelling in deionized water with the increase
in IA content could be explained by the formation of intermolec-
ular hydrogen bonds, which results in an increase in the overall
crosslinking density of the hydrogel network. The results for Q.
values in Cd%* solution were reduced in comparison with those
measured in deionized water. Generally, the swelling ability of
“anionic” hydrogels in salt solutions is noticeably decreased com-
pared to the swelling in deionized water. This decrease of Q. may be
attributed to a “charge screening effect” of the additional cations
which causing a non-perfect anion-anion electrostatic repulsion.
Also, in salt solution the osmotic pressure difference between the
hydrogel and external salt solution is reduced, leading to decrease
in swelling [31].
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Table 2
Equilibrium degree of swelling for P(HEA/IA) hydrogels as a function of pH, and temperature.
Parameters P(HEA/2IA) P(HEA/5IA) P(HEA/7IA) P(HEA/10IA)
Q. (buffers) pH2.2 5.98 4.27 3.86 3.21
pH 3.85 9.77 8.82 7.54 10.84
pH 5.45 10.71 13.06 16.26 16.77
pH6.8 13.24 17.45 19.27 23.23
Q. (deionized water) 29.22 20.56 15.24 10.17
Q. (Cd?* solution) pH 5.6 14.41 12.92 11.12 9.24
Temperature (°C) 10 13.19 16.31 19.84 23.01
25 13.28 17.47 19.27 23.28
45 9.67 14.18 18.13 21.80
50 9.54 14.16 17.59 21.24

The influence of solution temperature on swelling was studied
at four different temperatures (10, 25, 45 and 50°C) in a buffer 6.8.
It is observed that the Q. decreases with the temperature increase
from 10 to 50°C. The temperature sensitivity of P(HEA/IA) hydro-
gels is associated with hydrogen bonding of hydroxyl groups from
HEA with water hydroxyl groups and hydrophobic interactions
[32]. Hydrogels swell more at low temperatures of surrounding
media, since hydrogen bonds in the hydrogel during interaction
with water considerably lower the free energy of mixing. How-
ever, at higher temperatures, the hydrogen bonds weaken; at the
same time, the system tends to minimize the contact between the
water and hydrophobic groups, so that the interactions between
the hydrophobic groups increase and water is expelled from the
hydrogels [33].

3.2. Mechanical properties

Mechanical strength and stability of hydrogels are very impor-
tant properties for environmental application and wastewater
treatment. Therefore, it is of great importance to investigate their
mechanical properties in conditions in which they are applied, in
this case the aqueous solution of cadmium. The storage modulus
(G’) was measured in order to determine whether the samples are
stable for this specific application. The plateau storage modulus for
P(HEA/IA) hydrogels, swollen to equilibrium in deionized water and
in Cd2* ion solution are given in Table 3. It is obvious that modulus
depends on IA content in the hydrogel. Increase of IA content in the
sample resulted in increase of G’ and thus improved mechanical
properties of hydrogel. Also, storage modulus is higher for samples
swollen in solution of cadmium then for those swollen in deion-
ized water, which means that embedding of Cd2* ions reinforce the
polymeric network. The obtained results are in accordance with the
swelling results (Table 2).

Further experiments were performed for two hydrogels:
P(HEA/2IA) and P(HEA/10IA), as samples with lowest and highest
ge value, in order to stress the pH sensitivity i.e. the influence of IA
content on adsorption properties of P(HEA/IA) hydrogels.

3.3. FTIR spectra

Spectral characterization was performed in order to detect
chemical structure and bonds of synthesized hydrogels. Fig. 1
shows the FTIR spectra of P(HEA/10IA) hydrogel, free and

cadmium loaded. The FTIR spectrum of P(HEA/10IA) (Fig. 1(a))
exhibits several characteristic peaks at 3424, 2934 and 1720cm™1.
The broad peak at 3424 cm~! corresponds to stretching vibration
of —OH bond, as well as peak intensities at 1400 and 1180 cm™".
Peaks at 2871 and 2934 cm~! are the typical C—H stretch vibrations
[34]. Carboxylic groups show a characteristic peak at 1720cm™1,
assigned to the C=0 stretching vibration.

In order to notice shifting of characteristic peaks, the FTIR
spectra was recorded for P(HEA/10IA) hydrogels loaded from two
initial concentrations of cadmium, 10mgL-! and 100mgL-! and
the results are presented in Fig. 1(b) and (c). The FTIR spec-
tra of the hydrogels after Cd%* ion adsorption showed all the
above characteristic peaks with a slight shift to lower or higher
wavenumbers. The intensity of the peak at 3424 cm~! weakened
and shifted to 3420 and 3418 cm™!, for hydrogels loaded with
10 and 100 mgL-1, respectively, indicating —OH group is possibly
involved in the adsorption. Strong peak at 1720cm™", assigned to
C=0 stretching vibration from carboxylic groups, was shifted to
1726 and 1729 cm™1, for hydrogels loaded with 10 and 100mg L1,
respectively. This change suggests the possible interaction between
cadmium ions and COO~. The weak absorption band at 1570 cm™!,
assigned to asymmetric stretching vibration of C=0 was sharpened
and shifted to 1562 and 1557 cm~!, for hydrogels loaded with 10
and 100 mg L1, respectively [35]. The shift of peaks at 3424, 1720
and 1570 cm~! before and after cadmium adsorption indicates that
—OH and —COOH groups in the hydrogel are most likely involved
in the adsorption process.

3.4. Morphology

Morphological features of lyophilized P(HEA[IA) samples,
with and without adsorbed metal, were performed by observing
cross-section and surface by SEM. The resulting micrographs
are presented in Fig. 2. The cross-sectional image of P(HEA/2IA)
(Fig. 2(a)) shows that the structure of the unloaded sample is
highly porous with a characteristic honey-comb structure. The
unloaded P(HEA/10IA) (Fig. 2(b)) sample has similar structure as
P(HEA/2IA), but with slightly smaller pores, as expected, which
is consistent with its lower equilibrium degree of swelling. The
SEM micrographs of P(HEA/2IA), swollen at equilibrium in highly
acidic (pH 2.0) (Fig. 2(c)) and weakly acidic (pH 6.0) (Fig. 2(d))
shows that the structure of P(HEA/IA) samples strongly depends
on pH. At low pH compact structure with small non-uniformly

Table 3

Plateau storage modulus of P(HEA/IA) hydrogels swollen in deionized water and in Cd?* solution.
Parameters P(HEA/2IA) P(HEA/5IA) P(HEA/7IA) P(HEA/101A)
Plateau storage modulus 1.13 2.18 3.26 413
(deionized water) (kPa)
Plateau storage modulus 2.25 3.34 4.81 5.38

(Cd?* solution) (kPa)
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Fig. 1. FTIR spectra of P(HEA/10IA) hydrogel (a) before and (b) after Cd?* adsorption.

distributed ellipsoidal pores can be observed, while at pH 6 much
larger pore sizes are visible. This is in agreement with the swelling
results, revealing low swelling at low pH and high swelling at pH
6. The sorption of cadmium ions causes significant reduction in the
P(HEA/2IA) hydrogel pore size and the change in pore structure
(Fig. 2(e)). Upon sorption metal ions interact with carboxyl groups,
leading to diminished electrostatic repulsive forces between COO~
groups, and consequently to the reduction of hydrogel pores [36].
EDX analysis confirmed the presence of cadmium ions inside the
hydrogel, as well as on the hydrogels surface.

3.5. Surface topography

To observe morphological properties such as surface porosity,
texture and roughness, micrographs of the surface of P(HEA/IA)
samples before and after metal adsorption were registered by using
AFM. Fig. 3(a) shows a predominantly hill-valley-structured sur-
face with irregular pores of P(HEA/10IA) hydrogel before cadmium
adsorption. A visible change in surface topography is obtained after
cadmium adsorption. Larger hill-structures of the reference sample
are broken into smaller structures giving thus a flattened surface,
asillustrated in Fig. 3(b). Fig. 3(c) represents AFM image of the sam-
ple in the case when cadmium is absorbed from more concentrated
solutions. This image shows even smoother surface of the hydrogel
than that in Fig. 3(b), indicating that most of the surface is covered
with a layer of adsorbed cadmium ions which fill the roughness and
pores on the sample surface.

3.6. Thermal properties

DSC thermograms of P(HEA/2IA) and P(HEA/10IA) hydrogels are
presented in Fig. 4. For both hydrogels a single T value was clearly
observed, showing that tested samples are copolymers. As seen
from Fig. 4, Tg values depend on IA content, higher T values were
obtained for hydrogel with higher IA content. On the other hand,
after adsorption of Cd?* ions Ty value increased. This increase of
the Ty value could be explained by the reduced mobility of polymer
chains due to metal complexation with the polymer chains.

3.7. The effect of different experimental parameters on adsorption
properties of P(HEA/IA) hydrogels

3.7.1. Effect of pH
pH of the aqueous solution is one of the most important
parameters affecting the adsorption process. It can influence the

protonation of the adsorbent functional groups as well as the solu-
tion chemistry of the heavy metal ions [37-39]. The adsorption of
heavy metalions, on a polymer backbone containing acidic pendant
groups, is usually a strong function of the pH because the acidic
pendant groups release protons in response to changes in pH. Addi-
tionally, metal ions in the aqueous solution may undergo solvation
and hydrolysis. Cadmium is present in aqueous solutions in the
forms of Cd%*, Cd(OH)*, Cd(OH),° and Cd(OH)ys), which depends
on the pH of the solution [40]. Cd2*, is the only ionic species present
in the solution at pH<6.0, and the dominant cadmium species at
pH <8.0 is Cd2* and Cd(OH)*, and at pH >8.0 is Cd(OH), [41,42].In
the alkaline range, precipitation plays the main role in the removal
of cadmium attributed to the formation of precipitate of Cd(OH)().
In order to avoid the hydrolysis and precipitation of cadmium ions,
the pH range was chosen to be 2.0-7.0.

The influence of the pH on the adsorption capacity of Cd?* ions
is shown in Fig. 5. The observed lower adsorption capacity in acidic
media (pH 2-3) may be attributed to low dissociation of itaconic
acid carboxylic groups which causes competition between H* and
Cd?* ions for the same sorption site. In the pH range 3-6, ionization
of carboxylic groups of itaconic acid takes place, the negative charge
density on the adsorbent increases, and increased sorption of cad-
mium is a result of electrostatic attraction between Cd2* ions and
negatively charged binding sites, since ligands such as carboxyl and
hydroxyl groups are free to promote interaction with metal cations.
Based on the literature [17,22,35], the adsorption onto P(HEA/IA)
hydrogels at different pH values is assumed to occur through ion-
exchange and chelation between positively charged metal cations
and nonionized or ionized carboxylic groups within the polymer
hydrogels, which can be represented by the following equations:

R—COOH ¢ R—CO0~ + H* (5)
R—COO0~ + M?* & R—COO0~M2* (6)
R—COOH + M?* & R—COO~ M2+ + H* (7)

The aforementioned adsorption mechanism could be confirmed
by the following facts: (a) pH variation of the suspension before and
after the adsorption. In aqueous solution —COOH groups from IA
dissociate to yield protons by which the solution pH will decrease.
During the adsorption experiment pH of the suspension changed
from 5.5 to 4.0; (b) FTIR spectra of the P(HEA/10IA) hydrogel before
and after cadmium adsorption showed changes in some charac-
teristic adsorption groups that were involved in the adsorption
process; (c) SEM images of hydrogel before and after adsorption of
cadmiumion showed significantreductionin the hydrogel pore size
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Fig. 2. SEM micrographs: cross section morphology of (a) P(HEA/2IA), (b) P(HEA/10IA) hydrogel swelled in water (pH 6) (bar 200 wm); P(HEA/2IA) swollen in water at (c)
pH 2.0, (d) pH 6 (bar 20 um); SEM and EDX spectra of P(HEA/2IA) hydrogel after loading with cadmium nitrate solution (250 mgL-'), (e) cross-section and (f) surface (bar

200 pm).

(Fig. 2(e)). Upon sorption metal ions interact with carboxyl groups,
electrostatic repulsive forces between COO~ groups are dimin-
ished leading to higher crosslinking degree and consequently to the
decrease in hydrogel pore size. All these information suggest that
adsorption mechanism may be combined action of ion-exchange
and chelation.

Several researchers investigated the effect of pH on adsorption
of metal ions on different sorbents [18,37,43]. In all cases, they
observed a maximum metal ions adsorption between pH 5 and 6.
Based on the obtained results, in order to achieve high efficiency

and good selectivity, further adsorption studies were carried out at
pH 5.5.

3.7.2. Effect of adsorbent weight

The effects of adsorbent weight on the adsorption capacity and
removal efficiency for the Cd2* ions are presented in Fig. 6. With
the increase of adsorbent weight from 0.008 to 0.09 g, adsorption
efficiency of Cd2* ions changed from 28.1 to 62.6% and from 34.6 to
69.3% for P(HEA/2IA) and P(HEA/10IA) hydrogels, respectively. This
behavior is expected due to the fact that with increasing adsorbent
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Fig. 3. AFM images of the top surface of P(HEA/10IA) hydrogel: (a) before adsorption, (b) after Cd?* adsorption (Co =50 mgL~'), (c) after Cd?* adsorption (Co =250 mgL-1).

weight the sorbent surface increases, resulting in increase of the
number of binding sites on the hydrogel surface available for the
sorption of metal ions. On the contrary, the adsorption capacity of
hydrogels decreases with the increase of adsorbent dosage due to
unsaturation of adsorption sites during the adsorption process [44].
These results were expected, and reported for many other sorption
systems [45].

3.7.3. Effect of ionic strength

Study on the influence of salts on metal ions removal is of great
importance due to the fact that various salts are often present
in wastewater at high levels. The presence of inorganic salts in
the solution may either accelerate or slow down the adsorption
process. Salts may screen the electrostatic interaction of oppo-
site charges on adsorbent surface and metal ions, and an increase
in salt concentration could decrease the adsorption capacity. On
the contrary, salts may increase the degree of dissociation of the

;; P(HEA/2IA)
2
i Cd*/P(HEA/2IA)
g
- 0
ig e P(HEA/10IA)
- 0
el Cd>/P(HEA/101A)
T T T T
-50 0 50 100 150
Temperature (OC)

Fig. 4. DSC thermograms of P(HEA/2IA) and P(HEA/10IA) hydrogels free and cad-
mium loaded.

adsorbate molecules and promote the adsorption [17,46,47]. The
situation becomes much more significant when both the adsorbate
and adsorbent are both charged. In this work, the effect of NaCl
concentration on the adsorption process was discussed.

As shown in Fig. 7, with the increase of ionic strength, the
adsorption capacity for both hydrogels decreased. With the addi-
tion of 0.01 mol L~ of NaCl, the adsorption capacity of Cd%* ions is
reduced by 3.2% for P(HEA/10IA) and 7.5% for P(HEA/2IA). More-
over, the adsorption capacity decreases by 28% for P(HEA/10IA)
and 37.2% for P(HEA/2IA) as concentration of NaCl increases to
0.3molL-!. So, the ionic strength is an important factor in the
adsorption process. The addition of salt screens the electrostatic

104 —m—pmHEA2IA)
—@— P(HEA/101A)
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E
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Fig.5. The effectofinitial pH on the adsorption capacity of Cd?* ions onto P(HEA/2IA)
and P(HEA/10IA) hydrogels (Co=10mgL-!; mg=0.03 g; volume of solution 0.05L;
pH 2-7; T=25°C; t=48h).
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solution onto P(HEA/2IA) and P(HEA/10IA) hydrogels in terms of equilibrium sorp-
tion capacity g. (solid lines) and adsorption efficiency (dashed lines) (Co =10 mgL-",
mp =0.008-0.09 g, volume of solution 0.05L, pH 5.5, t=48 h, T=25°C).
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Fig. 7. The effect of ionic strength on the Cd%* removal onto P(HEA/2IA) and
P(HEA/10IA) hydrogels in terms of equilibrium sorption capacities g. (solid
lines) and the reduced rate of adsorption capacity (dashed lines) (Co=10mgL"1,
mp=0.03g, volume of solution 0.05L, C(NaCl)=0-0.3molL~', pH 5.5, t=48h,
T=25°C).

interactions of the carboxylic groups of itaconic acid and makes
the polymer chains shrink [48,49].

3.7.4. Effect of temperature

The investigation of the temperature effect on the Cd%* ions
adsorption on P(HEA/10IA) hydrogel was conducted at three dif-
ferent temperatures (10, 25 and 50 °C). The adsorption of Cd%* ions
decreases slowly as the temperature increases (Table 4).

In order to describe the thermodynamic character of the sorp-
tion of Cd?* ions on P(HEA/10IA) hydrogel, the thermodynamic
parameters including enthalpy (AH°), entropy (AS°) and change in

Table 4
Thermodynamic parameters for adsorption of cadmium onto P(HEA/10IA) hydrogel.

free Gibbs energy (AG°) have been determined from Eqgs. (8)-(10).
Values for AS° and AH® are obtained from the slope and intercept
of a plot InK, vs 1/T according to Eq. (10). AG° values were calcu-
lated from the two parameters using Eq. (9) and the obtained data
are presented in Table 4.

_ Cads
Ke= C, (8)
AG®° = —RT In KC (9)
AS°  AH°
In KC = T — ﬁ (10)

where K. is the equilibrium constant, C,4s is the amount of metal
ions adsorbed at equilibrium (mgL-1), C, is the amount of metal
ions remained in the solution (mgL-1), R is the universal gas con-
stant (kJmol~1 K-1), and T is the solution temperature (K) [50].

At10and 25 °Cthe values of AG® are negative indicating adsorp-
tion is spontaneous, while the AG° value on 50°C is positive,
meaning that the process on this temperature is non-spontaneous
and the degree of spontaneity of the reaction decreases with the
temperature increase. The negative value of AH° suggests that
the adsorption processes is exothermic, which is supported by the
decrease of the adsorption of Cd?* ions with increase of temper-
ature. The negative value of AS° signify there is a decrease in the
randomness at the solid-solution interface of Cd2* onto P(HEA/IA)
hydrogel [19].

3.7.5. Adsorption isotherms

The most common way to examine the mechanism of the
adsorption and describe how adsorbate could interact with adsor-
bent is through adsorption isotherms. The obtained experimental
data were simulated with linearized forms of five isotherm
models Langmuir, Freundlich, Redlich-Peterson, Temkin and
Dubinin-Radushkevich, using commercial software Origin Micro-
cal 8.0 (Fig. 8). The applicability of the isotherm models to describe
the adsorption process was judged by the correlation coefficient,
(R?) and Chi-square analysis (x2). The obtained characteristic
parameters of evaluated isotherm models are summarized in
Table 5.

The Langmuir and Redlich-Peterson isotherms give very high
and close R? values that it is difficult to conclude which model
gives the best interpretation of experimental data. Moreover, linear
equations have different axial settings individually so that would
alter the result of a linear regression and influence the determi-
nation process. Due to the resulting correlation coefficients (R?)
of the isotherms that were very close and high, Chi-square test is
used to determine best isotherm models. The advantage of using
Chi-square test was comparing all isotherms on the same abscissa
and ordinate.

The Chi-square test measures the difference between the exper-
imental and model data. The mathematical form of Chi-square is
given as [7]:

X2 _ Z (qe,exp — qe,cal)2

(11)
Ge,cal

where geexp is experimental equilibrium capacity data and g ¢,
is the equilibrium capacity from isotherm model. If data from the
model are similar to experimental data, x% will be small and vice
versa.

Temperature (°C) Geexp (Mgg™1) AG° (k] mol-1) AH° (kJmol-1) AS° (Jmol 1K 1)
10 8.81 -0.272 —-10.178 —34.441

25 8.51 -0.104

50 6.69 1.078
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Fig. 8. Comparison of five isotherms applied in this work for the Cd?* adsorption onto (a) P(HEA/2IA) and (b) P(HEA/10IA) hydrogels.

The Langmuir equation relates the coverage of molecules on the
solid surface to concentration of a medium above the solid surface
at a fixed temperature and adsorption is limited to monolayer cov-
erage, and intermolecular forces decrease with the distance from
the adsorption surface. On the other hand, the Freundlich model
supposes that the adsorption surface is heterogeneous, that inter-
actions among adsorbed molecules can occur, and that multilayer
adsorption is possible. Redlich-Peterson isotherm is a combination
of Langmuir and Freundlich model. It approaches the Freundlich
model at higher concentration, while for lower concentration it is
in accordance with the Langmuir equation. The Langmuir isotherm
has the lowest x2 value, suggesting that this isotherm provides the
best fit to the experimental data.

The Langmuir equation can be expressed in terms of dimen-
sionless separation factor, R;, which indicates whether the sorption

Table 5

Parameters of investigated adsorption models for adsorption of Cd2* ions from aque-
ous solution onto P(HEA/IA) hydrogels (Co=10-520mgL~"', mg=0.03 g, volume of
solution 0.05L, pH 5.5, t=48 h, T=25°C).

Model Parameter P(HEA/2IA) P(HEA/10IA)
Langmuir K. (Lg™1) 3.60 3.84
qm (mgg1) 312.50 460.83
R? 0.9998 0.9999
b 12511 8.156
Freundlich Kr (mgg~' (Lmg=1)!m) 2.40 3.29
n 1.38 133
R? 0.9544 0.9719
x* 60.622 63.857
Redlich-Peterson Kg (Lg™) 1.14 1.78
0.91 0.92
ag (Lmol—1) 0.0058  0.0057
R? 0.9827 0.9910
%2 100.053 11.177
Temkin Kr(Lg™) 0.104 0.105
B 46.67 72.56
b (Jmol1) 53.09 34.14
R? 0.9035 0.9025
x> 32.835 52.576
Dubinin-Radushkevich g (mgg="')x 106 1.04 0.44
E (kj mol-1) 0.49 0.63
B x 106 144 124
R? 0.8095 0.7842
x* 141.931 278.407

is favorable (0O<R;<1), unfavorable (R, >1), linear (R =1) or
irreversible (R, =0), and is given by Eq. (12):

1

RL: 1+K[_~C0

(12)
where Cp is the maximal initial metal ion concentration (mgL-1)
[20].

The values of the separation factors 0<R; <1 and the value for
Freundlich exponent n>1 (Table 5) indicate that the sorption of
Cd%* onto investigated hydrogels is favorable. The calculated R; val-
ues for all studied concentrations (Table 6) point out that sorption
is more favorable at higher initial metal ion concentrations.

Dubinin-Radushkevich and Tempkin models have lower agree-
ment with experimental data than first three models. The values
of the sorption capacity obtained by D-R equation are higher than
gm values obtained by Langmuir model, as expected, because D-R
model takes into account porous structure of a sorbent.

Since the swelling and adsorption properties of P(HEA/IA)
hydrogels were highly influenced by the presence of ions in the
solution, we investigated influence of swelling degree (Q.) on the
adsorption capacity. As shown in Fig. 9, the increase in the ini-
tial concentration of Cd%* ions significantly influenced the Q. as
well as g for both hydrogels. As presented in Fig. 9, Langmuir
isotherm model fits well to experimental data at lower concentra-
tions (<200mgL-1). At higher initial Cd2* concentrations swelling
was reduced due to the so called “charge screening effect” around
ionic groups of opposite charge. At this point the number of avail-
able binding sites for sorption of cadmium ions was significantly

Table 6
The R, values for the P(HEA/2IA) and P(HEA/10IA) hydrogels at 25°C.
Co (mgL1) R
P(HEA/2IA) P(HEA/10IA)
10.00 0.9674 0.9632
53.13 0.8481 0.8313
98.72 0.7504 0.7262
202.24 0.5951 0.5642
307.53 0.4911 0.4598
427.11 0.4099 0.3800
518.06 0.3642 0.3357
611.34 03197 0.2784
704.41 0.2897 0.2508
797.32 0.2649 0.2283




K.M. Antic et al. / Applied Surface Science 338 (2015) 178-189 187

400
& Q, P(HEA/2IA)
16 4 % Qp P(HEA/101A)
® g, PHEALIA) - 350
= g, PMHEA2IA)
X —— Langmuir isotherm P(HEA/21A) —_ 300
14 —— Langmuir isotherm P(HEA/101A)
- 250
€Y
12 4 DN
N T 200 0%
Q (5]
150 -
104
-— - 100
81 L 50
8 & 8§ g Lo
6 B T

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
cmgL™)

Fig. 9. The effect of the initial Cd?* ion concentration on swelling degree (Q.) and
adsorption capacity (q.) for P(HEA/2IA) and P(HEA/10IA) hydrogels.

Table 7

Comparison of maximum adsorption capacities for Cd2* ions of different hydrogels.
Hydrogel qm (Mmgg1) Reference
HEA/MALA 42.60 [22]
HEA/AMPS 167.00 [21]
Fe3;04-P(Cys/HEA) 19.14 [24]
HEMA-MAC 303.00 [53]
AAmM/SMA 32.99 [36]
CH/IA/MAA 285.70 [18]
C-g-AA 571.40 [35]
HEA/2IA 312.50 Present work
HEA/101A 460.83 Present work

decreased. With further increase in the initial concentration of
Cd2* deviation between experimental and calculated values rose,
because isotherm models did not take into account decrease of Q.
According to R? and x2, agreement between the experimental and
calculated data was better in the case when the Q. was less influ-
enced by the initial concentration (the decrease in Q. was lower for
P(HEA/10IA)).

Adsorption capacities for Cd?* ions on the different sorbents
reported in the literature are presented in Table 7. It is obvious that
the g, values, obtained for the P(HEA/IA) hydrogels, are higher in
comparison with most of the previously investigated sorbents.

3.7.6. Adsorption kinetics

The adsorption kinetic curves are presented in Fig. 10. To eval-
uate the kinetics of the adsorption process, pseudo-first order and
pseudo-second order models were tested to interpret the exper-
imental data [51,52]. The linear forms of pseudo-first order and
pseudo-second order models are presented in Egs. (13) and (14),
respectively:

kl
log(ge — q¢) = log ge — 53030 (13)
t 1 1
—=—— 4 —t 14
qt kzqg Je (14)

where g, and q; (mgg~!) are the adsorption capacities at equilib-
rium, and at time ¢ (h), respectively; k; (h~1) and k, (gmg='h"1)
are the pseudo-first and the pseudo-second order rate constants.
The rate constants k; and k;, as well as predicted g, values, were
determined from the slope and intercept of plots In(ge —qr) vs. t
and t/q; vs. t, respectively. The obtained results for the pseudo-
first order and pseudo-second order models are presented in
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Fig. 10. Sorption kinetics of Cd%* ions on P(HEA/2IA) and P(HEA/10IA) hydrogels
(Co=10mgL-", my=0.03 g, volume of solution 0.05 L, pH 5.5, T=25 °C, contact time
0.5-48h).

Table 8. The correlation coefficients, R2, showed that the pseudo-
second order model fits better with the experimental data than
pseudo-first order model for both hydrogels (R? >0.99). In addition,
the agreement of the calculated equilibrium adsorption capacities
(qecal) and the experimental data are better in the case of pseudo
second-order kinetics, meaning that the adsorption process of Cd2*
onto P(HEA/IA) hydrogel is probably controlled by the chemical
process [17,22].

3.8. Multicomponent heavy metal ion adsorption

The investigation of adsorption process in multicomponent
heavy metal ion system is very important since the natural and
industrial effluents rarely contain a single heavy metal ion, and
some of the ions in the effluent may reduce the adsorption of
others or may be co-adsorbed along with other ions [42]. The
interactive effects of a metal ions mixture on a polymeric matrix
are extremely complex phenomena and depend on polymer type,
number of metals competing for binding sites, metal combination,
concentrations and experimental conditions [53].

In order to investigate the competitive adsorption of Cd%* ions
on P(HEA/10IA) hydrogel, the synthetic wastewater containing the
same concentrations (10mgL-1) of Cd?*, Ni%*, Pb%*, Cu?*, Zn%*,
and Co?* ions were prepared. The results are presented in Fig. 11.
The results show that the adsorption of cadmium ions decreased
under competitive conditions. Also, with the increasing number of
metals in the system, the adsorption of cadmium ions decreased
even more. Compared to the results under noncompetitive condi-
tions, the adsorption capacity of cadmium decreased by 8.51% in
the binary system containing Cd2* and Ni2* and by 24.5% in the
system containing Cd%* and Pb?*, suggesting that Pb%* influenced
the adsorption capacity of Cd%* more than nickel.

In the system containing of Cd%*, NiZ*, Pb2*, Cu?*, Zn%*, and
Co?*, the adsorption capacity of cadmium ions decreased by 38.9%.
Different sorption of the ions in multicomponent system may be
ascribed to the differences in their ionic radii. The ionic radius of
Pb2* is 119 pm, while that of Cd?* is 95 pm, and that of Ni2* is
69 pm. The ionic radius of Zn?*, Cu2* and Co2* are 74, 73 and 65 pm,
respectively. The smaller the ionic radius, the greater its tendency
to hydrolyse, which further leads to reduced sorption [54].
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Table 8

Parameters of the applied kinetic models for adsorption of Cd?* ions onto P(HEA/IA) hydrogels and correlation coefficients (Co =10mgL~"; mg =0.03 g; volume of solution

0.05L; pH 5.5; T=25°C).

Sample Geexp (Mgg™") Pseudo first-order model Pseudo second-order model
ki (h™1) Gecal (MgE™) R? ka (gmg'h™) Ge.cal (Mgg™") R?

P(HEA/2IA) 6.400 0.252 14.171 0.9146 1.274 7.313 0.9902

P(HEA/10IA) 8.510 0.170 21.012 0.9314 1.571 9.856 0.9911
B o [0 o Cd2* onto P(HEA/IA) hydrogels was found to be highly dependent
124 CoN® Oz on hydrogel composition, initial concentration of metal, solu-
Comey” [ co” tion pH, adsorbent mass, ionic strength and temperature. The
10§ R adsorption kinetics data can be well described by the pseudo-
o second-order model, and the adsorption isotherm agrees well with
P 3y _ the Langmuir model. Competitive adsorption studies revealed that
'x adsorption of cadmium in multicomponent systems is dependent
g ¢ on the type of metal ions in the solution. Desorption studies showed
> that desorption of P(HEA/IA) hydrogel is pH dependent and hydro-
41 gels can be successfully regenerated with 0.1 molL-! HNOs. In
addition, hydrogels could be reused without significant losses of
27 the initial properties after three adsorption-desorption cycles per-
formed. The sample with highest IA content, P(HEA/10IA) showed
oS cd CdNi Cd+Pb CAN P+ CutZnaCo the highest adsorption capacity, as well as the highest plateau stor-

Fig. 11. Adsorption capacity of Cd?* ions on P(HEA/10IA) under noncompetitive and
competitive conditions (Co =10 gL~ (all metal ions), mg =0.03 g, volume of solution
0.05L, pH 5.5, t=48h, T=25°C).
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Fig. 12. Desorption of Cd?* from P(HEA/10IA) hydrogels by adjusting the pH values
of the solution using HNOs.

3.9. Desorption and reusability experiments

When 0.1 mol L~ solutions of CH;COOH and HCl were used as
the desorbing agents, 74.2 and 87.3% desorption efficiency were
obtained, respectively. Maximum desorption of Cd?* ions was
achieved with 0.1 molL~! HNO;3 and it was 94.6%. Also, desorp-
tion was done with different concentrations of HNOs3 in order to
investigate the influence of pH of desorption medium on desorp-
tion efficiency. Results are presented in Fig. 12. As it was expected,
desorption efficiency increased when the pH value of the solution
is reduced using HNOs3. Desorption of cadmium was less than 20%
at pH 5.5, increasing gradually up to 94.6% at pH 1. Results of three
consecutive adsorption-desorption cycles show that by the end of
the third cycle, more than 85% of the initial adsorption capacity was
obtained.

4. Conclusions

The ability of novel P(HEA/IA) hydrogels for Cd2* ion removal
from aqueous solution has been investigated. The adsorption of

age modulus, meaning that this sample is the most suitable one for
application in wastewater treatment. These findings suggest that
the P(HEA/10IA) hydrogel is a promising adsorbent for wastewater
treatment in weakly acidic media.
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