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Abstract: In this paper, cerium sulfate tetrahydrate (Ce(1V)) dissolved in acid-aqueous medium and
mercaptosuccinic acid (MSA) redox couple was used to synthesize the crosslinked copolymer of
acrylamide (AAm), lithium methacrylate (LiMA), and N,N’-methylene bisacrylamide (MBAAmM) in
the presence of ethylenediaminetetraacetic acid tetrasodium salt (EDTANas). The effects of various
mole amounts of AAm and LiIMA at constant crosslinker concentration and mole amounts of total
monomer/MBAAmM at constant amounts of AAm and LiMA on the swelling behaviors and swelling
Kinetics of synthesized hydrogels were investigated in distilled water. The use of hydrogel, including
lithium methacrylate ionic groups, for the removal of copper ions from aqueous solutions was examined
by using the batch adsorption method. In the adsorption process of copper ions on hydrogels containing
LiMA groups, the effects of parameters such as the amount of hydrogel, initial Cu(ll) concentration,
adsorption time, and pH of solution were investigated.
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1. Introduction

Hydrogels with the three-dimensional network are synthesized by copolymerization of
monomers in the presence of a crosslinker [1-5]. They can swell or shrink according to their
molecular structures and environmental changes such as temperature, pH, electrical field, UV
or visible light radiation, solvent composition, salt concentrations, and types of surfactants [6-
10]. Because of environmental sensitivity and unique structure, polymer hydrogels can be used
in various areas such as drug delivery systems, tissue engineering, wound healing, separation
techniques in biotechnology, and environment processing agricultural products, sensors, and
actuators [11-17].

pH-sensitive hydrogels can be synthesized by adding pendant acidic or basic functional
groups to the polymer backbone and can be used in application areas such as drug delivery and
separation/preconcentration of dye or metal ion from aqueous or waste solutions. In addition,
a sufficient number of acidic or basic monomers can be incorporated into the hydrogel network
to adjust the swelling behaviors of hydrogels in acidic or basic conditions [14-20].

Synthesis and swelling behaviors of hydrogels have been investigated widely in
previous investigations [21-26]. In the synthesis of gel particles, the initiator systems of sodium
persulfate (SPS), potassium persulfate (KPS), or ammonium persulfate (APS) with or without
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N,N,N’,N’-tetramethylenediamine (TEMED) were generally used at high temperature or room
temperature polymerization of monomer or copolymerization of monomers in the presence of
crosslinker [27-32]. Moreover, the suitable organic compounds bearing thiol, hydroxyl,
carboxyl, or amine functional groups as reducing agents and ceric salts as oxidants have been
used to initiate polymerization or copolymerization of vinyl monomers [33-39]. However, the
initiator systems of ceric salt as oxidant and organic reducing agent bearing thiol and carboxyl
functional groups in the presence of ethylenediaminetetraacetic acid tetrasodium salt
(EDTANaa4) are suitable new sources to initiate copolymerization of vinyl monomers by using
N,N’-methylene bisacrylamide (MBAAmM) as crosslinker at low temperatures [40].

Radioactive and toxic metal ions in waste solutions are a global problem due to their
toxic or radioactive effects on humans, animals, and plants. For this reason, the improvement
of effective and low-cost methods for the removal and recovery of these metal ions is of great
importance to avoid decreasing contaminants in waste solutions or wastes. To remove toxic or
radioactive metal ions from aqueous and waste solutions, chemical precipitation, membrane
extraction, coagulation, ion exchange, and adsorption methods have been used widely in
industry and scientific investigations. In recent years, non-swelling crosslinked copolymers
containing carboxylate functional groups and swelling crosslinked copolymers (hydrogels)
bearing ionic functional groups have been synthesized and used for the removal of toxic and
radioactive metal ions or textile dyes from aqueous or waste solutions, and these investigations
have continued to attract considerable attention [41-44]. Copolymeric hydrogels of acrylamide
with some acidic monomers were synthesized to separate dyes or toxic metal ions from aqueous
or waste solutions [45-50]. However, the crosslinked copolymers of acrylamide, lithium
methacrylate, and N.N’-methylene bisacrylamide were not used to absorb copper ions from
aqueous solutions.

Copper used in the drive moving parts, brake linings, metal plating, pulp and paper
industry, fertilizer mills, fungicides, insecticides, etc., is considered a trace element at low
doses because the human body can regulate the trace level hemostatically. However, copper
ions at high concentrations in the human body indicate a toxic effect due to their tendency to
accumulate in the vital organ and harmful impact on the environment because they are non-
biodegradable, causing many diseases and disorders [51-55]. For this reason, the removal of
copper ions as heavy metal ions on crosslinked copolymer (hydrogel) bearing lithium
methacrylate functional groups from aqueous solution has been purposed.

In this paper, hydrogels of AAm, LiIMA, and MBAAmM prepared in the presence of
EDTANas were synthesized by using the redox couple of Ce(IV) as oxidant dissolved in
sulfuric acid medium and MSA as reducing agent. The dependence of swelling behaviors and
kinetics of synthesized hydrogels in distilled water to the mole amounts of LIMA and AAm at
constant crosslinker concentration and mole ratios of total monomer/crosslinker at different
crosslinker concentrations was investigated. Equilibrium swelling values obtained from
swelling curves and kinetic parameters of k and n values in the swelling kinetic equation were
determined. The hydrogel with 77.7 g H20/g dry gel of equilibrium swelling value was used to
remove Cu(ll) from the aqueous solution. The effects of adsorption parameters such as the
amount of hydrogel, initial copper concentration, adsorption time, and pH of solution for
removing copper ions from aqueous solution were investigated. The removal of copper ions
from an aqueous solution was investigated.
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2. Materials and Methods
2.1. Materials.

Acrylamide (Merck), lithium hydroxide (Merck), methacrylic acid (Merck), N,N’-
methylene bisacrylamide (Fluka), mercaptosuccinic acid (Merck), cerium(IV) sulfate
tetrahydrate (Merck), ethylenediamine tetraacetic acid tetrasodium salt (BASF) were used
further treatment. Acrylamide, methacrylic acid, lithium methacrylate (ionic monomer, IM),
N,N’-methylene bisacrylamide, mercaptosuccinic acid, cerium(lV) sulfate tetrahydrate,
ethylenediamine tetraacetic acid tetrasodium salt were denoted as AAm, MA, LIMA, MBAAmM,
MSA, Ce(1V), EDTANas, respectively.

2.2. Preparation of ionic monomer.

Equal molar solutions of LiOH and MA were mixed to prepare the amount of necessary
solution of LiIMA or IM to use in the hydrogel synthesis of AAm, LiIMA, and MBAAmM in the
presence of MSA and EDTANas by using Ce(lV) as oxidant dissolved in H2SO4 aqueous
solution.

2.3. Syntheses of P(AAm-MBAAm) and P(AAm-LiMA-MBAAmM).

AAM-MBAAmM and AAm-LiMA-MBAAmM copolymers were synthesized in a beaker
of 250 mL containing a magnetic stirrer by adding Ce(IV) solution prepared in the solution of
H2SO4 to the solution of the calculated amounts of AAm, MBAAmM, MSA, and EDTANA4
without and with LiIMA, respectively. 100 mL aqueous solution comprising 1.415 g of cerium
sulfate tetrahydrate and 1.4 mL 98% H2SO4 was prepared as oxidant solution used for initiating
copolymerization. The solution volume of the oxidant was kept constant at 4-6 mL in a
copolymerization reaction. The total volume of each crosslinking copolymerization reaction
was approximately 100 mL. Before starting the copolymerization reaction, the aqueous
copolymerization solution of AAm, MBAAmM, MSA, and EDTANa4 with and without LIMA
were mixed by using a magnetic stirrer for about 10 minutes at a constant temperature of 30°C.
Then 4-6 mL of acidic oxidant solution was added to this mixture by using a burette. The
formed crosslinked copolymers (hydrogels) were stored in a water bath for about 24 hours at
25°C to achieve a complete copolymerization. The synthesized hydrogels were cut into 3-4
mm length pieces, immersed in excess of distilled water for 4 h to remove unreacted
compounds, and dried at 60°C in an oven.

2.4. Determination of swelling behaviors and kinetics of hydrogels.

A certain amount of dried hydrogel was immersed in distilled water to study the
swelling behaviors of hydrogels in distilled water. The swelling behaviors and kinetics of
hydrogels were investigated by mass measurement against time. The effect of reaction
chemicals such as acrylamide, crosslinker, and ionic monomer on swelling behaviors and
kinetics of the synthesized hydrogels were investigated in distilled water.

Swelling ratios (St) and equilibrium swelling ratios (Seq) of synthesized hydrogels of
AAM-MBAAmM and AAm-MBAAmM-LIMA in distilled water were calculated by using
equations (1) and (2), respectively.
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where St and Seq denote the average swelling and equilibrium swelling ratios of hydrogel,
respectively, in terms of g H20/g dried gel. The experimental results have been obtained from
triplicate measurements. The mt and mo are the weight of swollen gel at time t and the weight
of dried gel at the initial time, respectively. The meq is the weight of swollen gel at equilibrium.

Swelling Kkinetics of crosslinked copolymers of AAm and AAm-LiMA in the presence
of MBAAmM by using MSA-Ce(1V) redox initiator system was examined by the Peppas Kinetic
formulae (3) [56-59].

St

The linearized form of equation (3) can be written as equation (4),

= kt" 3)

IN(St/ Seq) = Ink + nint 4)

where St and Seq represent the average swelling and equilibrium swelling ratios of hydrogel,
respectively, in terms of g H20/g dried gel. k and n are constants in the swelling Kkinetic
equation. The values of exponent n are dependent on the amount of ionic groups in hydrogel
and the crosslinking degree of the hydrogel. This equation is valid in the swelling ratio less
than 60% [58-59]. Using this criterion, the exponent, n, and k values are determined from the
slope and intercept by plotting In (St/Seq) versus In t, respectively.

HS - CH - CH - COOH + Ce(lV) — > HOOC-CHp-CH-$ + cCe() + H*
|
COOH COOH

— > HOOC-CH-CH-SH + Ce(ll) + H*
|
COOH
Il .
~ THOOC-CHz-C-sH + Ce(l) + H*
COOH

—Y > HS-CH-CHy-COO- + Ce(ll) + H*
|
COOH

|

HS - CH-CHp + COp
|

COOCH
Scheme 1. Radical formation reactions between MSA and Ce(1V) in aqueous acid medium.

2.5. Characterization of synthesized hydrogels.

The redox reaction between MSA and Ce(1V) dissolved in a sulfuric acid solution leads
to the formation of radicals by one-electron transfer. Radical formation reaction between MSA
https://biointerfaceresearch.com/ 3621
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and Ce(1V) in an acid-aqueous medium is illustrated in Scheme 1. Because of low S-H bonding
energy, free radical formation in reaction | in Scheme 1 is more suitable than other reactions
shown in scheme 1 to initiate crosslinking polymerization of AAm and MBAAmM or AAm,
MBAAmM, and LiMA as explained in previous studies [36-37, 39-40]. Chemical mechanisms
of the formation in the crosslinking copolymerization of AAm-MBAAmM and AAm-LIMA-
MBAAmMm are shown in Schemes 2 and 3, respectively.
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Scheme 2. The structure of chemical formation of AAm-MBAAmM hydrogel.
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Scheme 3. The chemical formation mechanism of P(AAmM-LiMA-MBAAmM).

FT-IR analyses of both AAm-MBAAmM and AAmM-LIMA-MBAAmM gels were
performed on an ATI Unicam Mattson 1000 spectrometer by using the KBr disk method. For
this purpose, the pellet of about 300 mg KBr powder and 8 mg gel powder was prepared. FT-
IR spectra of pellets containing AAm-MBAAm and AAm-LiIMA-MBAAmM gels were given in
Figure 1. FT-IR spectra of P(AAmM-MBAAmM) and P(AAm-LiIMA-MBAAmM) exhibits board
peaks in the range of 3350-3450 cm™. These peaks were assigned to the N-H stretching of NH:
groups. The peaks appearing at 2925-2930 cm™ indicate C-H stretching of -CHs and —CHa-
groups. The observed peak at 1552 cm™ has been attributed to —C=0 stretching of -COO"
groups (Figure 1, curve 1), and the peaks observed at 1657-1660 cm™ were assigned —-C=0
stretching band of amide groups (Figure 1, curves 1 and 2) as explained in previous studies
[60-62].
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Figure 1. FTIR analyses of AAm-MBAAmM (curve 1) and AAm-LiIMA-MBAAm (curve 2).

2.6. Cu(Il) adsorption experiments on the swollen hydrogel.

For adsorption measurements of copper ions from aqueous solutions on swollen
hydrogel, the batch method was used. For this purpose, the AAm-LIMA-MBAAmM hydrogel of
0.105 mol AAm, 0.070 mol LiMA and 8.75x10* mol MBAAmM was synthesized, and its
equilibrium swelling ratio in distilled water was determined as 77.7 g H20/g dried gel. Before
starting adsorption experiments, the dried hydrogel was ground into powder and immersed in
excess of distilled water for one week for hydrogel to reach an equilibrium swelling ratio. The
hydrogel, which reaches to equilibrium swelling ratio, was separated from the solution. For
removal measurements of copper ions from aqueous solutions, the obtained hydrogel was
immersed into 10 mL of Cu(ll) solution and effects of parameters such as the amount of
adsorbent (m=0.02, 0.03, 0.05, 0.10, 0.15, 0.20 and 0.30 g) at constant initial Cu(ll)
concentration of 0.1 mol/L, time(t=60 min) and temperature (T=293 K), initial Cu(ll)
concentration (Co=0.04, 0.06, 0.10, 0.20 and 0.30 mol/L) at constant amount of adsorbent
(m=0.15 g) and contact time (t=60 min), adsorption time (t=2, 4, 6, 10, 15, 20, 40 and 60 min)
for T=293 K, m=0.15 g and various Cu(ll) concentrations of 0.06, 0.1 and 0.2 mol/L and pH
of solution (pH=4, 6 and 7) at 293 K for m=0.5 g and Ccua=0.1 mol/L on Cu(ll) adsorption
from aqueous solutions were examined. Hydrogels were separated from the solution by
decantation. Cu(ll) concentration was calculated by determining the amount of Cu(ll) in
solution at the beginning and after the effects of definite adsorption parameters such as time,
initial Cu(ll) concentration, and solution pH. The spectrophotometric method was used to
determine Cu(ll) concentration in solutions at the wavelength of 600 nm. The adsorption
percentage (%) was calculated by equation (5) given below.

Co-Ce
Co
where Co is initial Cu(ll) concentration (mol/L), Ctand Ce are the Cu(ll) concentrations (mol/L)

in solutions at the time, t, and at equilibrium at 60 min, respectively.
https://biointerfaceresearch.com/ 3623
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3. Results and Discussion

3.1. The effects of mole ratios of total monomer/MBAAm on the swelling behaviors and
kinetics of hydrogels.

The crosslinked copolymers of AAm and MBAAmM in the presence of MSA and
EDTANa4 were synthesized. In crosslinking copolymerization reaction, the amount of AAm
was 0.175 mol, and the mole ratios of AAmM/MBAA were taken in the range of 100-800. Figure
2 shows the investigation of hydrogel swelling behaviors produced from AAm and MBAAmM
at different ratios of NAAM/NMBAAmM and at constant concentrations of MSA and EDTANa4
using cerium(1V) sulfate solution. As can be seen from Figure 2, the increase in the ratios of
nAAM/NMBAAmM from 100 to 800 resulted in an increase in the equilibrium swelling ratio
from 12.97 to 26.71 g H20/g dried gel.
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Figure 2. The swelling behaviors of hydrogels produced from AAm and MBAAm at different ratios of
naam/Nmeaam and at constant concentrations of MSA and EDTANa. using cerium(1V) sulfate solution.
Naam/Nveaam=100 (curve 1), 200 (curve 2), 400 (curve 3) and 800 (curve 4). naam=0.175 mol.
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Figure 3. The relationship between swelling ratios and time for the hydrogels synthesized at constant
NLima=0.035 mol and naam=0.140 mol and at various amounts of crosslinker ranging from 17.50x10* to
21.87x10°° mol. nm/Nmsaam=100 (curve 1), 200 (curve 2), 400 (curve 3) and 800 (curve 4),
NM=NLiMatNaam=0.175 mol).
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Figure 3 shows the relationship between swelling ratios and time for the hydrogels
synthesized at constant nLima=0.035 mol and naam=0.140 mol and at various amounts of
crosslinker ranging from 17.50x10* to 21.87x10° mol (nm/nmeaam=100, 200, 400 and 800,
nm=nLima+tnaam=0.175 mol). As seen from Figure 3, increasing the mole ratios of
nM/nMBAAm increased the equilibrium swelling ratio from 18.24 to 663.92 H20/g dried gel.
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Figure 4. The dependence of swelling ratios in distilled water on time for hydrogels synthesized at constant
NLima=0.105 mol and naam=0.070 mol for various amount of crosslinker. nm/Nmeaam=100 (curve 1), 200 (curve
2), 400 (curve 3) and 800 (curve 4), nm=nLima*+Naam=0.175 mol.

When the mole amounts of LiIMA and AAm were taken as 0.105 and 0.070 mol,
respectively, in copolymerization reaction of AAm and LiMA in the presence of various molar
amounts of crosslinker, the equilibrium swelling ratios of synthesized hydrogels in distilled
water resulted in an increase from 36.63 to 860.90 H20O/g dried gel with increasing the ratios
of nm/nmeaam from 100 to 800, respectively as given in Figure 4.
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Figure 5. The effects of crosslinker concentrations on the swelling kinetics of synthesized hydrogels produced
from AAm and MBAAmM by using the redox initiator system of MSA and Ce(IV). naam/Mmeaam=100 (curve 1),
200 (curve 2), 400 (curve 3) and 800 (curve 4). naam=0.175 mol.
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Consequently, the results given in Figures 2-4 indicate that hydrogels having less
crosslinking degree swell more than those having more crosslinking degree. In order to
describe the phenomenon of swelling of hydrogel having more crosslinked bonds, it has been
assumed that phase separation occurred in the system, and it has been explained by
entanglements between chains developing during polymerization in water medium as described
in previous studies [40, 56-59, 63].

Table 1. The dependence of swelling kinetic parameters to monomer and crosslinker concentrations for the
hydrogels synthesized from monomers of LiMA and AAm in the presence of MBAAM. ny=naam + NLiMma=0.175
mol and when niima=0, NM=Naam=0.175 mol.

Swelling Kinetic parameters
naam (mol) NLiMa/NAAm Nm/NMBAAM n k R?
0.175 0 100 0.390 0.322 0.960
0.175 0 200 0.346 0.295 0.965
0.175 0 400 0.372 0.178 0.947
0.175 0 800 0.469 0.153 0.964
0.140 0.25 100 0.481 0.602 0.996
0.140 0.25 200 0.621 0.620 0.981
0.140 0.25 400 0.605 0.215 0.976
0.140 0.25 800 0.725 0.068 0.978
0.070 1.50 100 0.486 0.633 0.986
0.070 1.50 200 0.609 0.289 0.985
0.070 1.50 400 0.688 0.078 0.973
0.070 1.50 800 0.907 0.065 0.996
0.140 0.25 100 0.481 0.580 0.996
0.105 0.67 100 0.471 0.760 9.989
0.070 1.50 100 0.484 0.565 0.986
0.035 4.00 100 0.716 0.605 0.985
0.140 0.25 800 0.725 0.068 0.978
0.105 0.67 800 0.884 0.048 0.991
0.070 1.50 800 0.907 0.065 0.996

'5.0 L} T
-3.0 -2.0 -1.0 0.0 1.0

Int

Figure 6. The dependence of swelling kinetics of hydrogels to various ratios of nm/Nmeaam=100 (curve 1), 200
(curve 2), 400 (curve 3) and 800 (curve 4), nLima=0.035, naam=0.140 and nm=nLima+tNaam=0.175 mol.

To examine the effects of crosslinker concentrations on the swelling kinetics of
synthesized hydrogels, Peppas kinetic relation, which is given as equation (4), was used. In
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case of that, the mole amount of AAm=0.175 mol without using LiMA in the presence of
various crosslinker mole amounts (nmsaam=17.50x10*, 8.75x10, 4.375x10* and 2.187x10*
mol) in hydrogel synthesis reaction, the In (St/Seq) versus to In t was shown in Figure 5. The
kinetic parameters (k and n values) determined from slope and intercept of straight lines
obtained from applying swelling kinetic data to the Peppas kinetic equation for hydrogels
synthesized at different mole ratios of AAm/MBAAmM have been summarized in Table 1. As
observed from Table 1 and Figure 5, the experimental results showed that an increasing molar
ratio of naam/nmeaam from 100 to 800 increased the n values ranging from 0.390 to 0.469,
whereas the k value decreased from 0.322 to 0.153.

To indicate the effects of nm/nmsaam on the swelling kinetic parameters, the mole
amounts of LIMA and AAm were taken as 0.035 mol and 0.140 mol, respectively in the
copolymerization reaction of AAm and LiMA for various ratios of nm/nmeaam=100, 200, 400
and 800, the n values increased from 0.481 to 0.725 and k values decreased from 0.602 to 0.068
respectively with increasing the ratios nm/nmsaam in copolymerization reaction (Figure 6 and
Table 1) This indicates that swelling slope parameter (n value) was found as higher value when
LiMA was added the copolymerization reaction. Moreover, it was observed that the swelling
rate accelerates with adding LiIMA to copolymerization reaction and with increasing the ratios
of nm/nmeaam in copolymerization reaction.
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Figure 7. The relationship between swelling kinetics and crosslinker concentration for the hydrogels
synthesized at constant n ima=0.105 mol and naam=0.070 mol for various amounts of crosslinker ranging from
17.50x10* to 21.87x10°. nm/Nmeaam=100 (curve 1), 200 (curve 2), 400 (curve 3) and 800 (curve 4),
Nm=NLima+tNaam=0.175 mol.

When the mole amounts of LiIMA and AAm were taken as 0.105 mol, and 0.070 mol
in hydrogel synthesis for various ratios of nm/nmsaam ranging from 100 to 800, the swelling
rate of LIMA-AAmM-MBAAmM hydrogels synthesized at different crosslinker concentrations
(nm/nmBAAM=100, 200, 400 and 800, nm=nLima+naam=0.175 mol) was shown in Figure 7 and
swelling kinetic parameters were listed in Table 1.As can be seen from Figure 7 and Table 1,
the n value increased from 0.486 0.907 and the k value decreased 0.633 to 0.065 with increasing
the ratios of nm/nmeaam from 100 to 800, respectively.
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According to the comparison of n values determined from Figures 6-7 and given in
Table 1, it was observed that when the mole amount of LiMA increased from 0.035 to 0.105
mol in the synthesis of AAm-LIMA-MBAAmM hydrogel, the calculated n value at lower
crosslinker amount was found as a bigger value(n=0.907). This indicates that when AAm-
LIMA-MBAAmM hydrogel was synthesized at lower crosslinker and higher LIMA
concentrations, the swelling rate of synthesized hydrogels in distilled water is fast.

3.2. The effects of ratios of nimwa/naam 0N swelling behaviors and kinetics of hydrogels.

To indicate the effects of mole amounts of LIMA/AAm on the equilibrium swelling
ratios, the copolymers containing various ratios of nLima/naam ranging from 0.025 to 4 in the
presence of MSA and EDTANas at constant mole amount of crosslinker (nmeaam=17.50x10*
mol) by using Ce(IV) dissolved in H2SO4 solution were synthesized. The swelling behaviors
of synthesized hydrogels were examined in distilled water. It was observed that the increase in
the ratios of nLima/naam ranging from 0.25 to 4 increased to the equilibrium swelling ratios
from 18.24 to 52.63 g H20/g dried gel (Figure 8).
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Figure 8. The effects of mole amounts of LIMA/AAmM on swelling ratios for the copolymers synthesized at
various ratios of niima/Naam ranging from 0.25 to 4 in presence of MSA and EDTANa4 at constant mole amount
of crosslinker by using Ce(1V) dissolved in H2SO4 solution. niima/naam=0.25 (curve 1), 0.67 (curve 2), 1.50
(curve 3) and 4.00 (curve 4). nu=nLima+Naam=0.175 mol and nmeaam=17.50x10* mol.
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Figure 9. The relationship between swelling ratios and molar amounts of LIMA/AAm for the hydrogels
synthesized at constant amount of crosslinker (Nmeaam=8.75x10"* mol) at different ratios of
NLima/Naam=0.25(curve 1), 0.67(curve 2), 1.50(curve 3) and 4.00(curve 4). nm=nLima*+Naam=0.175 mol.
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When the mole amount of MBAAmM was taken 8.76x10“ mol in copolymerization
reaction of AAm and LiMA in the presence of MBAAmM (Figure 9), the equilibrium swelling
ratios of synthesized hydrogels in distilled water increased from 30.91 to 124.96 g H20/g dried
gel with increasing the mole ratio of LIMA/AAmM from 0.25 to 4, respectively.

In the case for hydrogels synthesized at different ratios of nLima/naam ranging from 0.25
to 4 and at constant crosslinker concentration (nmsaam=4.375x10* mol), as shown in Figure
10, the equilibrium swelling ratios of hydrogels in distilled water increased from 100.59 to
300.66 H20/g dried gel.

450 -

S; (g H,O/g dried gel)

0 50 100
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Figure 10. The dependence of swelling ratios to niima/naam=0.25(curve 1), 0.67(curve 2), 1.50(curve 3) and
4.00(curve 4) for the hydrogels synthesized at constant crosslinker mole amount (Nweaam=8.75x10* mol) and at
different ratios of niima/Naam ranging from 0.25 to 4 in presence of MSA and EDTANay by using Ce(1V)
dissolved in H,SO4 solution. nm=niima*tNaam=0.175 mol.
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Figure 11. The effect of swelling time on the swelling ratios for hydrogels synthesized at various npima/Naam

ratios in the range from 0.25 to 1.5 and at constant amount of Nnygaam=2.188x10 mol. ny=nLima+Naam=0.175
mol. The ratios to niima/naam= 0.25(curve 1), 0.67(curve 2) and 1.50(curve 3).

Figure 11 shows the dependence of swelling ratios to swelling time for hydrogels
synthesized various nLima/naam ratios in the range from 0.25 to 1.5 and a constant amount of
nveaam=2.188x102 mol. As shown in Figure 11, the equilibrium swelling ratios increased from
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663.93 to 860.90 H20/g dried gel, increasing the ratios of nLima/naam ranging from 0.25 to 1.5.
As can be seen from the results given in Figures 8-11, with increasing mole amount of LIMA
(i.e., increasing ionized carboxyl groups), swelling and equilibrium swelling ratios increased
due to the augmentation of ionic osmotic pressure or electrostatic repulsion between negatively
charged carboxylate groups [40].

To analyze the dependence swelling Kinetic parameters to ratios of nLima/naam for the
synthesized hydrogels of AAm (naam=0.140, 0.105, 0.070 and 0.035 mol), LIMA
(nLima=0.035, 0.070, 0.105 and 0.140 mol) and MBAAM (nmeaam=17.50x10"* mol) by using
Ce(1V) oxidant solution prepared in H2SO4 solution. The natural logarithmic drawing of In
(St/Seq) against In t as illustrated in Figure 12. The k and n values as kinetic parameters were
determined from slope and intercept of straight lines for hydrogels synthesized at different
mole ratios of LIMA/AAmM was listed in Table 1. As observed from Table 1 and Figure 12, the
experimental results showed that an increasing the ratios of nLima/naam ranging from 0.25 to 4
increased the n values ranging from 0.481 to 0.716, whereas the k value was observed in the
range of 0.580-760.
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Figure 12. The dependence of swelling kinetic parameters to ratios of n_ima/Naam for the synthesized hydrogels
of AAm (naam=0.140, 0.105, 0.070 and 0.035 mol), LiMA (nLima=0.035, 0.070, 0.105 and 0.140 mol) and
MBAAM (Nweaam=17.50x10"* mol) by using Ce(IV) oxidant solution prepared in H,SO, solution.
NLima/Naam=0.25(curve 1), 0.67(curve 2), 1.50(curve 3) and 4.00(curve 4). nm=nLima*tNaam=0.175 mol.
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Figure 13. The effect of ratios of niima/naam 0N swelling kinetics for the hydrogels synthesized at constant
amount of crosslinker (Nmeaam=2.188x10"* mol) at different ratios of n ima/Naam=0.25(curve 1), 0.67(curve 2)
and 1.50(CUTV€ 3) Nm=NLima+Naam=0.175 mol.
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When the amount of nmeaam was taken 2.188x10 mol in the copolymerization reaction
of AAm and LiMA for various ratios of nm/nmeaam=0.25, 0.67 and 1.50, the n values increased
from 0.725 to 0.907, and k values were determined in the range of 0.048-0.068 with increasing
the ratios nLima/naam in copolymerization reaction (Figure 13 and Table 1). This indicates that
the n value, the swelling slope parameter, increased with increasing the ratios nLima/naam in
copolymerization reaction and decreasing crosslinker mole amount. Consequently, the
swelling rate accelerates with an increasing mole ratio of LIMA/AAmM at low crosslinker
concentration in copolymerization reaction [40, 63].

3.3. The Cu(ll) removal studies from agqueous solutions on AAm-LiMA-MBAAmM hydrogel.

To study the effect of the amount of hydrogel on Cu(ll) adsorption from aqueous
solution, various amounts of dried gel containing LiMA groups were swollen in access of water
for one week, and each of the obtained swollen gels was mixed with 10 mL of Cu(ll) solution
(0.1 mol/L) at 293 K and at constant adsorption time (t=60 min). After adsorption time was
completed, cupper ions were determined in solution by spectrometric measurements, and the
amount of adsorbed Cu(ll) into swollen gel was calculated.
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Figure 14. The relation between the amount of dried gel and Cu(ll) adsorption percentage into the swollen gel.
Ccuay=0.1 mol, T=293 K and t= 60 min.

Figure 14 shows the relation between the amount of dried gel and Cu(ll) adsorption
percentage into the swollen gel. As can be seen from Figure 14, with increasing the amount of
adsorbent, the adsorption percentage increased and reached an equilibrium in the range of
Madsorbent=0.15-0.30 g dried gel. Therefore, 0.15 g adsorbent, which has an adsorption efficiency
of 48.30%, was used for further adsorption measurements to investigate the effects of initial
Cu(Il) concentration, adsorption time, and pH of solution on hydrogel containing LIMA
groups.

Dependence of Cu(ll) adsorption percentage to initial Cu(ll) concentration by using
swollen gel bearing LiMA functional groups was investigated at a constant time of 60 min and
at the constant adsorbent amount (m=0.15 g dried gel) (Figure 15). As observed from Figure
15, the adsorption percentage of copper ions on the swollen hydrogel increased and reached a
maximum value at around Co=0.2 mol/L and then slightly decreased, increasing the initial
Cu(Il) concentration.
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Figure 15. The dependence Cu(ll) adsorption percentage to initial Cu(ll) concentration ranging from 0.04
mol/L to 0.3 mol/L for the adsorption of Cu(ll) on the swollen hydrogel. m=0.15 g dried gel, t=60 min, T=293
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Figure 16. The effect of contact time on adsorption percentage for the Cu(ll) adsorption from aqueous solution
on swollen hydrogel bearing LiMA groups for various initial Cu(ll) concentrations of 0.06, 0.1, and 0.2 mol/L at
293 K. The dried gel amount is 0.15 g.

The effect of contact time on adsorption percentage was illustrated in Figure 16 for the
Cu(Il) adsorption from aqueous solution on swollen hydrogel bearing LiMA groups at various
initial Cu(ll) concentrations of 0.06, 0.1, and 0.2 mol/L at 293 K. As seen from Figure 16, with
increasing contact time, the percentages of adsorbed Cu(ll) on the swollen hydrogels bearing
LiMA groups increased and reached equilibrium values in the range of t=15-20 min of
adsorption time. This indicates that a rapid initial Cu(ll) adsorption on the swollen hydrogel
has been followed by a steady and at a later stage, adsorption reached an apparent plateau in
the range of 20-60 min as explained in previous studies [64,65].

Table 2. The effects of pH of the solution (pH=4, 6 and 7) and contact time (t=2, 3, 6, 10, 15, 25, and 40 min)
on the adsorbed Cu(ll) percentage at 293 K. The weight of dried hydrogel is 0.15 g, Cu(I1)=0.1 mol/L.

Cu(ll) adsorption, %
Adsorption time (min) pH=4 pH=6 pH=7
2 33.33 47.22 33.46
3 34.57 47.82 49.62
6 35.80 58.89 57.31
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Cu(Il) adsorption, %
Adsorption time (min) pH=4 pH=6 pH=7
10 40.74 56.13 71.15
15 43.21 61.66 62.69
25 45.68 66.80 72.31
40 44.45 58.89 67.31

If adsorbents have available groups functionalized with amideoximes and phosphoric,
methacrylic, acrylic, succinic, glutamic, iminoacetic and hydroxamic acids, the pH of the
medium has a more influence upon the adsorption of toxic or radioactive metal ions on
adsorbents from aqueous or waste solutions [43-44, 64-65]. In order to examine the dependence
of Cu(ll) adsorption to hydrogel bearing LIMA groups, 10 mL of 0.1 M Cu(ll) solution at
various pH=4, 6 and 7 and 0.15 g died gel in equilibrium swelling situation at 293 K were
mixed at adsorption time of 60 min. The results given in Table 2 indicate that the adsorbed
Cu(ll) amount on hydrogel increased with increasing adsorption time and pH of the solution.
This indicates that the higher Cu(ll) adsorption occurs at the value of pH=7.

4. Conclusions

Homopolymeric and copolymeric hydrogels of AAm-MBAAmM and AAm-LiMA-
MBAAmM, respectively, in the presence of EDTA tetrasodium salt, were synthesized by using
redox couple of Ce(1V) as oxidant and MSA as reducing agent. The dependences of swelling
behaviors and kinetics of synthesized hydrogels in distilled water to the mole ratios of
LiIMA/AAmM at constant crosslinker amount and the mole ratios of total monomer/MBAAmM at
constant mole amounts of LIMA and AAm were investigated. It was observed that hydrogels
having less crosslinking degree swell more than hydrogels having a more crosslinking degree
and with increasing the mole amount of LiMA, swelling and equilibrium swelling ratios
increased due to augmentation of ionic osmotic pressure or electrostatic repulsion between
negatively charged carboxylate groups in polymer chains. Furthermore, when hydrogels were
synthesized at lower crosslinker and higher LiIMA concentrations, the slope parameter (n value)
in Peppas kinetic equation was found as the biggest value. This indicates that the swelling rate
of synthesized hydrogel in distilled water accelerates at this condition.

The hydrogel with 77.7 g H20/g dried gel of equilibrium swelling ratio was used to
remove Cu(ll) from an aqueous solution. The effects of adsorption parameters such as the
amount of dried gel, initial Cu(ll) concentration, adsorption time, and pH of solution were
investigated. With increasing the amount of adsorbent, the adsorbed Cu(ll) percentage
increased and reached an equilibrium with adsorption efficiency of 48.30% in the range of
0.15-30 g of adsorbent amount. The increase in initial Cu(ll) concentration increased to
adsorbed Cu(ll) amount. Maximum adsorption efficiency has been obtained at Co=0.2 mol/L
of initial Cu(ll) concentration. With increasing contact time, the adsorbed Cu(ll) percentage
increased rapidly at an initial time and has been followed by a steady and then reached a plateau
in the range of 20-60 min of adsorption time. When the effect of solution pH for the Cu(ll)
adsorption on the swollen gel was examined, the higher Cu(l1) adsorption was observed at the
value of pH=7.
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