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Novel non-ionic hydrogels were synthesized by radical homopolymerization of N-vinyl-2-pyrrolidone
(VP) or by radical copolymerization of VP with methylacrylate (MA). A macroinimer (MIM) was used as
a crosslinker and initiator, as well. The percentage of mass swelling ratios (Su), the molecular weight
between crosslinks (M) and Young’s modulus of the hydrogels were investigated. The hydrogels were
used as binding materials for different heavy metal ions such as Cu?*, Cd?*, Ni** and Zn?* under varying
conditions. The binding capability of the hydrogels toward the metal ions decreases in the following
order: Cu?* >Ni%* >Zn?* > Cd?*.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In general, a hydrogel is crosslinked, hydrophilic polymer net-
work arranged in a three-dimensional network with a great
capacity for water and it can remain insoluble due to the pres-
ence of chemical or physical crosslinks [1,2]. Stimuli-responsive
hydrogels have earned the reputation of “smart materials” due
to their unique ability to change volume or shape in response to
environmental signals. In the past decades, environmental stimuli-
responsive hydrogels have been extensively investigated for their
smart response to physical or chemical stimuli including tempera-
ture, electric field, ions, pH and light [3-7]. The stimuli-induced
volume change usually arises from one of three major mecha-
nisms: (1) changes in osmotic pressure or charge density (i.e.,
pH-responsive hydrogels); (2) changes in solvent affinity of the
polymer backbone (i.e., temperature-sensitive hydrogels); or (3)
changes in the polymer crosslink density [4].

Inorganic effluents from the industries contain toxic metal ions
which tend to accumulate in the food chain. The toxic heavy
metal ions have high solubility in the aquatic environments and
thus they can be absorbed by living organisms. Once they enter
the food chain, large concentrations of heavy metal ions may
accumulate in the human body. If the metal ions are ingested
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beyond the permitted concentration, they can cause serious health
disorders [8]. Existence of heavy metal ion pollutants in water
result in ecological problems even at very low concentration
which increased the need for materials that can provide effi-
cient complexing potential toward these metal ions [9]. A number
of technologies have been developed over the years to remove
toxic metal ions from water. The most important of these tech-
nologies include filtration, chemical precipitation, ion exchange,
adsorption, electrodeposition and membrane systems. All of these
technologies have their inherent advantages and limitations in
applications [10]. A technique which has been used is the use of
hydrogels to remove the heavy metal ions from water. Due to
their capability to bind heavy metal ions through the polar func-
tional groups which interact selectively and strongly with heavy
metal ions. Moreover easy handling and reusability make hydrogels
promising materials for water purification. The regular hydro-
gels that crosslinked by the conventional crosslinking agents have
poor metal binding capacity and mechanical performance so that
limiting their application significantly. In the present study we
introduce novel poly(vinylpyrrolidone) and poly(vinylpyrrolidone-
co-methylacrylate) hydrogels using macroinimer (MIM) which
is based on poly(ethylene oxide) (PEO) and has the proper-
ties of macromonomers, macrocrosslinkers and macroinitiator
in a macrostructure [11-18]. The aim of this work was not
only to synthesize and characterize new type of hydrogels, but
also to evaluate the usefullness and feasibility of these hydro-
gels for effective removal of heavy metal ions from synthetic
wastewater.
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Scheme 1. A macroinimer synthesis.

2. Experimental
2.1. Materials

Vinylpyrrolidone (VP), methylacrylate (MA) were supplied
by Merck. Analytical grade poly(ethylene glycol) (Merck), 4,4'-
dicyano-4,4’-azovaleric acid (Fluka) and 4-vinylbenzyl chloride
(Sigma-Aldrich) were used to synthesize PEO based macroin-
imer (MIM) according to the procedure, described earlier [13].
Cd(NO3);-4H,0 was supplied by JT Baker. All other chemicals such
as CuCly-2H,0, ZnCl,-2H,0, NiCl,-2H,0, NaOH and PCl5 were pur-
chased from Merck.

2.2. Characterization techniques

Infrared (IR) spectroscopy was used for recording the spectra
of the poly(vinylpyrrolidone) (PVP) and poly(vinylpyrrolidone-co-
methylacrylate) (P(VP-co-MA)) hydrogels on a Shimadzu FTIR 8201
spectrometer, in the spectral range between 4000 and 400 cm~! by
grinding the dried samples with KBr.

TH NMR spectrum (in CDCl3) was recorded on Bruker 250 MHz
AC Aspect spectrometer using tetramethylsilane as internal Stan-
dard.

The molecular weight of the MIM was determined by gel per-
meation chromatography (GPC) analysis. GPC chromotogram was
taken on an Agilent Instrument (Model 1100) consisting of a pump,
refractive index and UV detectors, and four Water Styragel Columns
(HR 5E, HR 4E, HR 3, and HR 2) and using THF as eluent at a flow
rate of 0.3 mL/min at 30°C and toluene as an internal standard.
The molecular weight, M, of the MIM was determined by GPC as
1.1 x 103 g/mol (M /My =1.19).

Atomic absorption spectrometer (Perkin-Elmer AAnalyst 800)
was used to measure the metal ion concentration in the solutions
before and after gel immersion by dilution to an appropriate con-
centration with distilled water.

The glass transition temperatures (Tg) and melting points (Tr, ) of
the polymers were determined by differential scanning calorimeter
(Mettler Toledo DSC 1 Star system). Sample films ranging 10-12 mg
in weight were sealed in non-hermetic type aluminium pans and
were ramped at a heating of 10°Cmin~! in nitrogen at a flow rate
of 50 mL/min.

The dried specimen was examined for morphological details by
using a scanning electron microscopy (SEM). Dried hydrogel was
coated with a thin layer of copper during 3005 in a Baltec SCD 005
Sputter Coater, and imaged in a SEM (JEOL, JSM-6060).

2.3. Synthesis of macroinimer

A typical macroinimer (MIM) can be synthesized by the reaction
of 4,4’-dicyano-4,4’-azovaleryl chloride, polyethylene oxide (PEO)
and 4-vinylbenzyl chloride (Scheme 1).

2.4. Preparation of poly(vinylpyrrolidone) hydrogels

Bulk polymerization of VP was carried out at 70°C in the
presence of MIM as an initiator and crosslinker, as well. The poly-
merization mixture consisted of VP (2 g) and MIM. The amount of
MIM was varied from 5, 15, 25, 40 to 60% based on the total weight
of the monomer.

In a Pyrex tube, in which given amounts of VP and MIM were
charged, argon was purged a needle into the tube for 5min. The
tightly capped tube was put in an oil bath thermostatted at 70°C.
After 3 h, the tube content was immersed in distilled water by
changing the water every 6h for 24h to eliminate any water-
soluble components. At the end, PVP samples were dried under
vacuum at 50°C for 24 h.

Bulk polymerization of VP was also carried out in the presence
of an additional initiator, 2,2’-azoisobutyronitrile (AIBN) just to see
whether it has any effect or not. 0.05¢g AIBN was added into the
tubes which contain 2 g VP and varying the concentration of MIM
as 5,15, 25, 40 and 60% based on the total weight of the monomer.
All the conditions and further treatment were as given above.

2.5. Preparation of poly(vinylpyrrolidone-co-methylacrylate)
hydrogels

Bulk copolymerization of VP with methylacrylate (MA) was also
carried out. VP and MA were used as received for the free radical
copolymerization. P(VP-co-MA) samples were prepared with the
same concentration of the crosslinker, MIM, as 15% based on the
total weight of the monomers while the amounts of VP and MA were
changed as: VP:MA (g:g); 1.75:0.25; 1.50:0.50; 1.25:0.75; 1.0:1.0;
0.75:1.25; 0.50:1.50 and 0.25:1.75.

In a Pyrex tube, in which given amounts of VP, MA and MIM
were charged, argon was purged a needle into the tube for 5 min
and then allowed to polymerization process as explained above.

Bulk copolymerization of VP and MA was also carried out in the
presence of AIBN as an additional initiator. In that case, 0.05 g AIBN
was added into each tube and the copolymerization was carried out
as explained above.
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Table 1
Gel fraction and swelling properties of the hydrogels.

Run no. VP (g) MA (g) MIM (g) AIBN (g) Gelation (%) Sm (%) M. (g/mol) E (Mpa)
1 2.00 - 0.10 - 41.54 1500 86042 0.10
2 2.00 - 0.30 - 60.53 648 14229 0.61
3 2.00 - 0.50 - 63.83 373 3419 2.52
4 2.00 - 0.80 - 67.60 219 1037 8.31
5 2.00 - 1.20 - 71.32 199 843 10.22
12 2.00 - 0.10 0.05 19.71 1886 144054 0.06
22 2.00 - 0.30 0.05 34.27 732 16392 0.53
32 2.00 - 0.50 0.05 43.51 407 4179 2.06
42 2.00 - 0.80 0.05 54.90 278 1741 4.95
52 2.00 - 1.20 0.05 64.59 224 1078 7.99
6 0.25 1.75 0.30 - 59.77 38 40 207.08
7 0.50 1.50 0.30 - 56.82 73 109 76.29
8 0.75 1.25 0.30 - 54.28 129 309 26.96
9 1.00 1.00 0.30 - 53.45 246 1201 6.94

10 1.25 0.75 0.30 - 52.03 478 5416 1.54

11 1.50 0.50 0.30 - 50.21 618 9851 0.85

12 1.75 0.25 0.30 - 50.03 652 11150 0.75
62 0.25 1.75 0.30 0.05 59.00 39 42 196.99
e 0.50 1.50 0.30 0.05 56.18 99 188 44.39
82 0.75 1.25 0.30 0.05 53.49 174 567 14.68
92 1.00 1.00 0.30 0.05 47.04 352 2676 3.11

102 1.25 0.75 0.30 0.05 43.22 523 6665 1.25

112 1.50 0.50 0.30 0.05 39.48 654 11257 0.74

122 1.75 0.25 0.30 0.05 34.03 695 12960 0.64

2 Denotes that AIBN was added to the recipe of the run no.

2.6. Swelling properties of the hydrogels

PVP and P(VP-co-MA) hydrogels have been prepared for the pur-
pose of removal of toxic metal ions from the aqueous solutions. That
is why the swelling behaviour of the gels was investigated in the
distilled water. The swelling of the hydrogel samples was carried
out by storing a given amount of sample in 50 mL of water for 24 h
at room temperature (25 °C). The hydrogel samples were designed
as almost disc shape. The samples were weighed out to an accuracy
of 0.0001 mg on the Scaltec Auto-Balance. Then the samples were
soaked in 50 mL solutions of pH 7 at 25 °C for 24 h. After the hydro-
gel samples reached equilibrium in each solution, almost in 24 h,
they were taken out and the surplus surface water was removed by
filter paper. Then the percentage of mass swelling (Sy;) were deter-
mined by accurately weighing each sample both in the hydrated
and dried states and applying the following expression [19]:

M; — Mo

v = e

x 100 (1)
where My and M; are the initial mass and mass at different time
intervals, respectively.

2.7. Determination of M. values

Another structural parameter for characterizing the crosslinked
polymers is the average molecular weight between two consecu-
tive crosslinks (Mc) whichis directly related to the crosslink density.
The magnitute of the M. affects the mechanical, physical and ther-
mal properties of crosslinked polymers. The M. can be determined
by swelling studies. For this aim, the swelling ratio of the hydrogels,
qw, was calculated using the following equation [20]:

M

= (2)

qw
where M;s is the mass of the hydrogel after equilibrium and My is
the mass of the hydrogel before swelling. Then the volume fraction
¢ of the swollen polymer was calculated using the equation [19]:

¢ = {H‘;j(qw)— ‘;"J (3)

In the above equation, dp and ds represent the densities of
polymer and solvent, respectively. M values of the hydrogels was
determined according to the Flory-Rehner equation [21]:

_ —{V1dp(9'/3 — (¢/2))}
7 {[In(1 - @)+ ¢ + 9?1}

where V; is the molar volume of solvent (18 mL/mol for water),
dp is the density of polymer (1.16 g/mL for PVP), ¢ is the volume
fraction of polymer in swollen gel and y is the Flory—-Huggins inter-
action parameter between polymer and solvent molecules which
is assumed to be 0.49 for PVP/water system [21]. The density of
the P(VP-co-MA) copolymer was determined as 1.12 g/mL using
Mettler Toledo XS 205 density meter.

(4)

2.8. Metal ion binding properties of the hydrogels

The binding properties of PVP and P(VP-co-MA) hydrogels
for Cu?*, Ni%*, Zn?* and Cd?* metal ions were tested under
non-competitive conditions by immersing the gel in a solution con-
taining a metal ion. The adsorption experiments were performed
by agitating a given amount of hydrogel in 50 mL of solution con-
taining a metal ion concentration of 5 ppm at varying pH as 2, 5
and 8 for several time periods up to 24 h. The pH value of each
solution was adjusted by either 0.1N HCI or 0.1N NaOH. The metal
ion concentrations in the solutions were measured before and after
the gel immersion by dilution to an appropriate concentration with
distilled water and measured with atomic absorption spectrome-
ter.

2.9. Regeneration

The P(VP-co-MA) hydrogels were exposed to acid hydrolysis by
soaking the gel in 0.025 M HNOs for 24 h then the gel was washed
several times with water and methanol and then dried under vac-
uum at 50 °C for 24 h.

3. Results and discussion

Macromonomeric azoinitiator, macroinimer (MIM), was syn-
thesized as shown in Scheme 1 and characterized by FTIR,
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Fig. 1. Variation of gelation (open symbols) and mass swelling (filled symbols) of
PVP with the amount MIM.

NMR spectroscopy and GPC chromotography. Characteristic
signals of MIM in FTIR and NMR spectra confirm its struc-
ture.

IR spectrum of MIM: 1107 cm~! (CH,-etheric bonds of PEG),
1630 cm~! (vinyl and benzyl groups), 1738 cm~! (carbonyls of ester
groups) and 2244 cm~! (bonds of C=N).

TH NMR spectrum of MIM: §=3.6 ppm: CH,CH,O groups in
PEG, §=4.5ppm: s, CH, groups in vinylbenzyl groups, §=5.2 and
5.7 ppm: m, CH,=CH- groups in vinylbenzyl groups, §=6.7 ppm:
CH,=CH- groups in vinylbenzyl groups, § = 7.3 ppm: phenyl groups
in vinylbenzyl groups.

Vinylpyrrolidone based hydrogels have wide applications in
many areas especially in the biomedical applications. There have
been many reports on the preparation of these hydrogels by ther-
mal, photo or irradiation polymerization [9]. The regular hydrogels
which is crosslinked by the conventional crosslinking agents have
poor metal binding capacity and mechanical performance, limit-
ing their application significantly. MIM as an effective crosslinker
was used to obtain novel hydrogels with higher metal ion bind-
ing capacity and mechanical performance than present hydrogels.
The free radical polymerization of N-vinyl-2-pyrrolidone (VP) and
copolymerization of VP with methylacrylate (MA) were carried
out to yield PVP and P(VP-co-MA) hydrogels. Adding of MA as a
hydrophobic component is due to improve the mechanical strength
of the hydrogel. The effect of MA on the hydrogel efficiency was
investigated by fixing MIM concentration and changing VP:MA
ratio (Table 1). The network structure and swelling properties of
all hydrogels were investigated. Then the hydrogels were used as
binding materials for different heavy metal ions such as Cu%*, Ni2*,
Zn%* and Cd%* from synthetic wastewater under varying condi-
tions.

The obtained hydrogels were examined using FTIR to confirm
their structure. The characteristic absorption bands such as car-
bonyl and etheric were observed in the FTIR spectra of PVP and
P(VP-co-MA). The glass transition temperatures (Tg) and melting
points (T, ) of the PVP and P(VP-co-MA) were determined by dif-
ferential scanning calorimeter. The glass transition temperatures
were 128 and 118 °C while the melting points were 434 and 400°C
for PVP and P(VP-co-MA), respectively. The decrease in Tg and T
values is due to the increasing amorphous structure of the hydrogel
with the addition of MA.

3.1. Swelling studies

The percentage of mass swelling ratios (Sy;) were calculated
using Eq. (1). Fig. 1 shows the Sy, values of the PVP hydrogels. It

Fig. 2. Variation of gelation (open symbols) and mass swelling (filled symbols) of
P(VP-co-MA) with the amount of MA.

was found that MIM concentration affects the Sy values of the
hydrogels. The increasing MIM concentration decreases the Sy
values due to the increasing in the crosslink density. Percentage
gelation i.e., percentage conversion of monomers and crosslinking
agent into insoluble networks, is based on the total weight of the
crosslinking agent and monomers in the initial mixture, increases
with increasing crosslinker (MIM) concentration, as expected.
The molecular weight between two consecutive crosslinks (M)
decreases/or the crosslink density increases with increasing MIM
concentration (Table 1). The increase in the crosslink density leads
to a decrease in the free volume and consequently lower Sy val-
ues.

In the case of P(VP-co-MA) hydrogels, decreasing the amount of
MA in the copolymer increases the Sy values (Fig. 2 and Table 1).
The Sy values increased from 38 to 652% with decreasing MA
concentration/or increasing VP:MA (g/g) ratio from 0.25:1.75 to
1.75:0.25. The increase in the Sy values with decreasing MA con-
centration is most likely due to the increasing hydrophilicity. In
addition there will be more free space available for accommoda-
tion of water with decreasing MA concentration. As mentioned
by Rueda et al. [22], PVP is a very hydrophilic polymer there-
fore the hydrogel porosity and the hydrogel absorptive capacity
for polar liquids in the copolymer hydrogels depend on the molar
ratio between VP and other monomer, showing an increase with
VP content.

The morphology of the prepared PVP hydrogel microstructure
can be seen in Fig. 3. The microstructure of PVP is a three-
dimensional network supported by crack-like and thick crystal
PVP walls. Most likely, the thick walls are responsible for the high

Fig. 3. SEM image of MIM initiated PVP hydrogel.
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Table 2
The highest metal ion binding capacities of the hydrogels.

Metal ion PVP P(VP-co-MA) P(VP-co-MA) after regeneration

pH?2 pH5 pH8 pH?2 pH5 pHS8 pH?2 pH5 pHS8
The highest metal ion binding capacities (mg metal ion/g hydrogel)
Cu?* 35 75 92 60 85 110 70 130 170
Ni2* 15 32 39 45 67 75 75 105 130
Zn%* 9 11 25 32 47 70 58 79 110
Ccd?* 3 12 15 15 30 50 20 40 65

mechanical strength of the hydrogels. This picture verifies that
the PVP hydrogel has a porous structure. The porous structure of
the hydrogels is important from the viewpoint of their application
in many fields. It is supposed that these pores are the regions of
water permeation and interaction sites of external stimuli with
incorporated drug or hydrophilic groups of the polymers [23].
Therefore, the porous structure is the predominant reason for the
high swelling of PVP.

M. values were also determined and as is given in Table 1,
M, values increase from 40 to 11150 g/mol with decreasing MA
content due to the increase in the free volume. The presence of
additional initiator (AIBN) increases Sy and M values of the PVP
and P(VP-co-MA) hydrogels. The increase in the Sy; and M, values
is due to increasing in the free volume. The increase in the free vol-
ume means a decrease in the crosslinking density due to the lower
crosslinking efficiency of the MIM. It is reasonable to assume that
the lower crosslinking efficiency of the MIM is due to increasing the
hetero-radical termination reactions between cyanoisopropyl and
MIM-derived radicals. The increment in the termination reactions
decreases the crosslinking efficiency of the MIM and consequently
lower crosslinking density and thus higher M. and Sy, values.

3.2. Physical properties of the hydrogels

Another purpose of the work was to increase the mechanical
strength of the hydrogels. In order to check the increment in the
mechanical properties of the hydrogels, the Young’s modulus (E)
was determined. E is a material property that describes its stiff-
ness. E values of the hydrogels were determined using swelling
measurements data and Flory—Rehner equation as explained below
[24].

The first relationships between macroscopic sample deforma-
tion, chain extension and entropy reduction were expressed by
proposing the model of a random coil polymer chain. When the
sample was stretched, the chain had extended in proportion, called
an affine deformation. When the sample is relaxed, the chain has
an average end-to-end distance, ryp which increases to r; when the
sample is stretched.

Young’'s modulus can be written

do
E=L| — (5)
(%),

which yields

r2
E;3nrizRT (r3/rg=1) (6)

0
where Lis the length of the chainand rg and rl.2 represent the squares
of the relaxed and stretched end-to end distances, respectively. The
quantity approximately equals to unity. The value of ry does not
change, because it is the end-to-end distance of the equivalent free
chain. The value of r; is determined by the distance between the
crosslink sites binding the chain. The quantity nin Eq. (6) represents

the number of active network chains per unit volume, called the
network or crosslink density.
On the other hand the Flory-Rehner equation may be written as

—[In(1 - ¢) + ¢+ x¢?] = Van[g'® - (¢/2)] (7)

where ¢ is the volume fraction of polymer in the swollen mass,
V; is the molar volume of the solvent and  is the Flory—-Huggins
polymer-solvent dimensionless interaction term. n values were
calculated using Eq. (7) and put in Eq. (6) to determine the E values
by assuming rl.2 /rg = 1. As can be seen in Table 1, Young’s modulus
of the polymers increases with increasing MIM and MA concentra-
tion. The E values increased from 0.10 to 10.22 Mpa (megapascal)
with increasing MIM concentration. The results are good as com-
pare to macromonomer network hydrogels [25] which have the
same polyethylene oxide content. E values of the hydrogels were
between 1.0 and 8.8 MPa in that work.

The addition of MA to the PVP matrix resulted in an increase
in the tensile strength (Young’s modulus) of P(VP-co-MA). This
increase was attributed to adhesive character of MA, which occu-
pied vacant spaces and improved the interaction between the
polymeric chains. The Young’s modulus values increased from 0.75
to 208 MPa with increasing MA concentration. Thus, adding of MA
as a hydrophobic component increases E values which describes the
mechanical performance of the hydrogels, as conformable our aim.

3.3. Metal binding efficiency of the PVP and P(VP-co-MA)

Hydrogels containing one or more electron donor atoms (Lewis
base) such as N, S, O and P that can form coordinate bonds with
most of the toxic metal ions (Lewis acid) [26]. In this connection
the binding properties of PVP and P(VP-co-MA) hydrogels for Cu?*,
Ni2*, Zn2* and Cd%**metal ions were tested under non-competitive
conditions by immersing a sample in a solution containing a metal
ion. The binding of the Cu?*, Ni2*, Zn2* and Cd2* ions by different
PVP hydrogel compositions were illustrated in Fig. 4a and b. It is
clear that the tendency of the hydrogels to bind Cu2* is greater than
the other metal ions examined in this study under the same condi-
tions. The maximum Cu?* binding capacity is 92 mg for PVP at pH 8
(Table 2). The higher Cu?* binding capacity is due to the Jahn-Teller
effect which states “For any non-linear molecule in an electroni-
cally degenerate state, distortion must occur to lower the symmetry,
remove the degeneracy and lower the energy.” These distortions are
called Jahn-Teller distortions and lower the energy of molecules.
On the other hand, it is well known that Cu2* is the easiest metal
ion to be complexed with ligands containing nitrogen and oxygen
[9]. Increasing the pH from 2 to 8 enhances the maximum binding
capacity of the hydrogels, contrastly decreasing in the pH decreases
the binding capacity of the hydrogels. This behaviour is due to the
protonation of the N atoms at low pH. That is, there will be less
N atoms for coordinating the metal ions at low pH. The improved
binding capacity towards all the metal ions at high pH proves that
the binding is occurring mostly at the nitrogen centers which are
being blocked by protonation at low pH values. The binding capac-
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ity of the hydrogels for the other metal ions was found to be in the
order of: Ni2* >Zn2* > Cd?2*. There are several factors affecting the
capacity and affinity such as: the chemical nature of the metal ion
(size, valence, electron orbital structure), hydrogel (charge density,

structure of polymer chains), environmental changes (pH, temper-
ature), morphology and so on [10]. All the conditions except for the
metal ion are the same. Thus, this order is as a result of increasing
in the ionic radius. The Ni2* binding capacity of the hydrogels is

Fig. 4. (a) Effect of pH, MIM concentration and time on the Cu(Il) and Ni(II) ions removal of PVP. (b) Effect of pH, MIM concentration and time on the Zn(II) and Cd(II) ions

removal of PVP.
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Fig. 4. (Continued ).

higher than those of Zn* and Cd%* due to the lower atomic mass The metal ion binding capacities of P(VP-co-MA) hydrogels were
and ionic size. The sizes of the ions for six-coordination are 0.69, also investigated (Table 2). It is supposed that the adding of MA in
0.74 and 0.96 A for Ni2*, Zn2* and Cd?*, respectively [27]. the PVP matrix would increase the metal binding capability of the

The addition of AIBN as an additional initiator has no clear effect hydrogels. As it can be seen in Fig. 5a and b, the metal binding
on the metal binding efficiency of the polymers. capacities of the copolymeric hydrogels are higher than those of
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homopolymeric hydrogels. The increase in the metal binding capac- 3.4. Effect of the MIM concentration

ities is most likely due to the presence of additional oxygen atoms

which coordinate more metal ions. The result shows that MA as a The effect of the MIM concentration on Sy; and M. values of
hydrophobic component affects the metal binding capacity of the the hydrogels were discussed in Section 3.1. The effect of the MIM
hydrogels. concentration on the removal of metal ions can be investigated

Fig. 5. (a) Effect of pH, VP:MA ratio and time on the Cu(II) and Ni(Il) ions removal of P(VP-co-MA). (b) Effect of pH, VP:MA ratio and time on the Zn(II) and Cd(II) ions removal
of P(VP-co-MA).



U. Yildiz et al. / Journal of Hazardous Materials 183 (2010) 521-532 529

Fig. 5. (Continued ).

by following the binding capacity of the hydrogel samples. The
increasing MIM concentration has no clear effect on the metal bind-
ing capacity of the hydrogels. However, there is a clear decrease in
the case of the highest MIM concentration (1.2 g). This behaviour

can be attributed to the increasing in the crosslink density of the
hydrogels with increasing crosslinker (MIM) concentration so that
leads to a decrease in the free volume and consequently lower metal
binding capacity.
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3.5. Regeneration boxylic group, which has high affinity for binding metal ions [28].

The maximum binding capacities of the hydrogels were improved

The metal ion binding capacities of P(VP-co-MA) hydrogels after (almost doubled) after regeneration, especially at pH 8. The highest

regeneration were also investigated. The clear increase in the metal metal binding capacities after regeneration were 170, 130, 110 and

binding capacities of P(VP-co-MA) hydrogels after regeneration 65 mg metal ion/g copolymeric hydrogel for Cu?*, Ni*, Zn?* and
(Fig.6aandb),is due to changing the ester groups of MA into the car- Cd?*, respectively (Table 2).

Fig. 6. (a) Effect of pH, VP:MA ratio and time on the Cu(Il) and Ni(II) ions removal of P(VP-co-MA) after regeneration. (b) Effect of pH, VP:MA ratio and time on the Zn(II) and
Cd(II) ions removal of P(VP-co-MA) after regeneration.
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Fig. 6. (Continued ).

4. Conclusions

The free radical polymerization of N-vinyl-2-pyrrolidone (VP)
and copolymerization of VP with methylacrylate (MA) were carried
out in the presence of a macroinimer to prepare novel hydro-
gels. The percentage of mass swelling ratio (Sy) and the molecular
weight between two consecutive crosslinks (M¢) values of the
hydrogels were determined. The increasing MIM concentration
decreases the Sy and M. values of the hydrogels due to the increas-
ing in the crosslink density. The increasing in the crosslink density
leads to a decrease in the free volume and consequently lower

Sm and M. values. The decreasing the amount of MA/or increas-
ing VP:MA ratio in the P(VP-co-MA) hydrogels increases the Sy
and M. values. The decreasing MA concentration increases the
hydrophilicity and consequently Sy and M, values. Young’s mod-
ulus of the hydrogels was determined. The moduli values increase
with increasing MA concentration. This increase was attributed to
the adhesive character of MA, which occupied vacant spaces and
improved the interaction between the polymeric chains. The bind-
ing properties of PVP and P(VP-co-MA) hydrogels for metal ions
Cu?*, Cd?*, Ni%* and Zn%* were tested under non-competitive con-
ditions. The maximum binding capacity of the hydrogels for the
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different metal ions was in the order of Cu?*>NiZ*>Zn2* >(Cd?"*.
The higher Cu2* binding capacity is due to the Jahn-Teller effect and
being the easiest metal ion to be complexed with ligands containing
nitrogen and oxygen. Increasing the pH from 2 to 8 enhances the
maximum binding capacity of the hydrogels, contrastly decreasing
the pH decreases the binding capacity of the hydrogels due to the
protonation of the N atoms at low pH. The metal binding capacities
of the P(VP-co-MA) hydrogels were higher than those of PVP hydro-
gels. The increase in the metal binding capacities is most likely due
to the presence of additional oxygen atoms which coordinate more
metal ions. The metal binding capacities of P(VP-co-MA) hydrogels
increase significantly after regeneration due to the changing the
ester groups into the carboxylic group.

Finally, we can definitely conclude that MIM can be used to pre-
pare hydrogels for higher mechanical strength and heavy metal ion
binding capability.

The prepared novel pH-sensitive hydrogels might have great
potential applications in environmental works as smart materials.
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