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ABSTRACT

A functionalized hydrogel composed of 2-(hydroxyethyl) methacrylate (HEMA) and acrylamide
(AAm) was synthesized by amination and saponification reactions, respectively, and its
functionality was examined for the elimination of copper(ll) ions. The maximum adsorption
capacity for copper(ll) ions was 0.617 mmol g before saponification, whereas it was 1.2225
mmol g after saponification. The adsorption data was analyzed with pseudo-first-order
(r>=0.8867), intra-particle diffusion (r?=0.9453), Elovich (r?=0.9489) and pseudo-second-
order(r?=0.9999) kinetic models. Based on the adsorption equilibrium experimental data
Freundlich(r=0.9964), Langmuir(r’=0.998) and Dubinin—Radushkevich (D-R) (r>=0.9960)
adsorption isotherms provided good fits for all of experimental results. Finally, the datas of
kinetic experiments obtained in this study showed the applicability of the functionalized gel for
Copper(ll) ion removal.

Kevyworbs: Aminofunctionalized gel, Saponification, Adsorption kinetics, Adsorption isotherms,
Cu(ll) ions removal
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INTRODUCTION

Heavy metal pollution is a worldwide issue
especially for the environment and accordingly
living species. Heavy metals are not
biodegradable which means they cause
pollution, even in very small concentrations.
They are toxic or carcinogenic. Moreover, the
increased concentration of heavy metal affects
severely the living organisms!'-2.,

There are many conventional techniques
commonly applied to extract heavy metal ions
such as precipitation ® 4, ion exchange &7,
adsorption B reverse osmosis !'% 13,
electrochemical treatments '+16, hyperfiltration ['7,
membrane separation, evaporation, flotation 182,
coagulation '+ 21 oxidation and biosorption
processes 2223 and others. Adsorption is an
easy, relatively low-cost, and efficient method
to eliminate heavy metal ions?+2¢l, So it is the
preferable method for controlling of water
pollution.

Hydrogels are three-dimensional cross-linked
polymeric networks that can absorb a large
amount of water in their swollen state
because of the hydrophilic groups in their
backbone. Hydrogels have attracted
particular attention as adsorbent materials
due to the facility of the incorporation of
different chelating groups into the polymeric
networks. Thus far, numerous monomers
containing hydrophilic groups such as amino,
hydroxyl, carboxyl, and sulfonate which can
form complex with metal ions and dyes have
been used to synthesize functionalized
hydrogels. Their low cost and efficiency have
caused attention for polyacrylamide based
crosslinked polymers. Their adsorption
capacities were enhanced by surface
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modifications. The studies on amino-
functionalized polymers concluded that high
metal adsorption capacities were caused by
the protonation and electrostatic interactions
of the amine functions 2731,

This study reports an economical polymeric
material for the efficient and reproducible
removal of Cu(ll) ion. AAm can be saponified to
convert a part of -CONH, to -COO- and -COOH
to make carboxylate sites that present as the
binding sites for heavy metal ion. For this
purpose, according to a precise survey on the
Chemical Abstracts, an amino-functionalized
HEMA-AAm based hydrogel prepared by
transamination reaction with ethylenediamine
(EDA) was synthesized for the first time, and
its potential use was evaluated based on
elimination of copper (Il) ions from aqueous
solutions. Saponification of aminofunctionalized
HEMA-AAm based hydrogel was carried out
under alkaline conditions to increase the
absorption rate significantly. The adsorption
behavior of the saponificated hydrogel was
compared with that of aminofunctionalized
hydrogel. It can be resulted that the adsorption
method was efficient, and it achieved a higher
adsorption equilibrium amount of 1.2225
mmol.g™*in about 7 h of the process for
saponificated hydrogel.

EXPERIMENTAL

Materials

Acrylamide (AAm), 2-(hydroxyethyl) methacrylate
(HEMA), ethylenediamine (EDA), copper (Il) acetate
monohydrate were Sigma-Aldrich (St. Louis, MO)
products. N, N- methlene-bis-acrylamide (NMBA), N,
N, N/, N,-tetramethyl ethylenediamine (TEMED) and APS
were obtained from Riedel-de Haen (Seelze, Germany).
The other chemicals used were analytical purity.
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Preparation of HEMA-AAm hydrogel

The synthesis of HEMA-AAm hydrogel was carried
out in a glass tube (1.3 cm internal diameter x 15 cm
length) by free radical chain polymerization in presence
of NMBA as crosslinker. The initiator, APS and
accelerator, TEMED were used for the polymerization
system. First of all, desired amount of HEMA, AAm
(1:1; mole ratio) and NMBA (5 % mole of monomers)
were disolved in ultrapure water to obtain 1M monomer
concentration. The reaction mixture was continuously
flushed with nitrogen and lastly APS and TEMED were
added into the reaction tube before closing the cap.
The used dose of APS and NMBA were 1 mol% of total
monomer concentration, and TEMED was added with
an equal weight of APS. Later on, the tube was
inserted into a water-bath held at 60°C. After 24 h, the
gels were removed out of the tube and they were cut
into small discs in 1 cm length. The discs were rinsed
with distilled water for one week to extract the
impurities.

Preparation of aminofunctionalized HEMA-AAm
hydrogel (A-HEMA-AAm)

To obtain aminofunctionalized gel, 1 g HEMA-AAm
hydrogel and 10 g EDA were taken in a test tube and
allowed at 80°C for 4 h in an inert atmosphere. The
obtained gel was washed with methanol to purify and
free from unreacted amine compound. The
aminofunctionalized hydrogel (A-HEMA-AAm) was
dried until it gets constant weight.

Saponification of aminofunctionalized HEMA-
AAm hydrogel (SA-HEMA-AAm)

1g A-HEMA-AAm hydrogel was treated with 10 ml of
2M NaOH aqueous solution. After proceeding of the
reaction for 2 h with stirring at 95°C, the obtained
hydrogel was rinsed with deionized water till getting
neutral pH. Also, the final product (SA-HEMA-AAm)
was suspended in methanol, disintegrated by a blender
to get fine powder. Later, it was dried under vacuum.
The reaction mechanism was illustrated step-by-step
in Figure 1.

NMBA
APS
HyC=CH CHy TEMED §H
t=0 + HC=C ————  —CH,~CH—CH,—C
NH, ~CH;~CH,  24h, 60°C =0 c—om—ch,
g NH; o &H
Crosslinked HEMA-AAm hydrogel
(R)
Amino-functionalization
R —c—nH, + HC—NH,; R —C—NH—CH,—CH,—NH,
n,é 4h,80°C i
—NH )
Saponification
R- —NH, —_— R—c—o—nNa
2 NaOH
2h, 95°C

Fig. 1. The reaction mechanism.
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Characterization

The structural characterization of the synthesized
materials was carried out by KBr disk using a FT-IR
spectrophotometer (Perkin Elmer Inc.,Wellesley, MA).
Nitrogen physisorption measurements of the samples
were obtained by Quantachrome Nova 3200e BET
surface area analyzer at —196°C. In addition, amine
value of the adsorbent was determined by volumetric
method described in the literature 7! and found to be
1.8 mmol g.

Adsorption studies

The ion removal capacities of the final product (SA-
HEMA-AAm) were determined using aqueous Cu(ll)
solution. The procedure was started by adding SA-
HEMA-AAm (0.1 g) to the stock solution (100 mL) in a
vial at 25°C at the agitation speed of 500 rpm and pH
4.5. The initial metal ion concentration was 250 ppm for
kinetic studies, and the metal ion concentrations like
200, 250, 300, 350, 400 and 500 ppm were also taken
to evaluate the adsorption isotherms. The concentrations
of copper(ll) heavy metal ions were determined by
means of AAS (Perkin—Elmer Analyst 200 model) at
certain time intervials. The equilibrium adsorption
capacity of the gels was estimated by the following
equation (1), g (mol g'),

g2y Gl x ¥ (1)

g m

C : concentrations of Cu(ll) metal ion in heavy metal
solution (mol L") before adsorption

C_ concentrations of Cu(ll) metal ion in heavy metal
solution (mol L") after adsorption

m: gel amount (g)
V : total volume (L)

All measurements were carried out three times, and
the average value was figured on calculating adsorption
studies.

RESULTS AND DISCUSSION

FT-IR and BET analysis

FT-IR spectra of the HEMA-AAm, A-HEMA-
AAm and SA-HEMA-AAm are illustrated in
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Figure 2. The description of the infrared
spectrum of HEMA-AAm had the absorption
peaks at 1653 and 1720 cm™ that are
ascribed to the carbonyl stretching frequency
of the amide group (amide 1) in the AAm unit
and the ester carbonyl stretching frequency
of the HEMA unit, respectively. The broad
band at around 3400 cm™ points out the
presence of hydroxyl group and also hydrogen
bonding between amide units of AAm and
hydroxyl units of HEMA #6371 In the spectra
of aminofunctionalized HEMA-AAm, the
band appeared at 1567 cm™ confirms the
transamidation reaction between primary
amide groups and diamine 8. The carbonyl
groups of esters change to carboxylate
groups by base treatment (after the
saponification) in which the band ascribed to
the carbonyl units of amide almost
disappeared. In addition, the intensity of the
absorption band around 1650 cm
decreased, whereas, the band at 1560 cm’
belonging to the —-COO- and -COO-Na*
groups had a moderate intensity. This peak
also confirms the formation of major group of
—COO- and —COO-Na* in the network
thorough saponification process 4.

The BET analysis revealed that the surface area
of aminofunctionalized HEMA-AAm hydrogel
(A-HEMA-AAm) was increased after
saponification (SA-HEMA-AAm). The surface
area is an important issue for adsorption
capacity of any materials. Generally, the higher
surface area means the larger adsortion
capacity ¥4, The measured BET surface areas
were 4.266 and 27.182 m?/g for A-HEMA-AAmM
and SA-HEMA-AAm, respectively. After
saponification, the adsorption amount raised
from 0.617 to 1.2225 mmol/g.
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Fig. 2. FTIR spectra of HEMA-AAm gel (a) and the functionalized gels, A-HEMA-AAm (b)
and SA-HEMA-AAm (c).

Adsorption kinetics

The effect of the contact time on SA-HEMA-
AAm gel was performed to investigate the
adsorption kinetic of Copper(ll) metal ion. As
seen in Figure 3, adsorption capacity showed

an increase trend with the contact time, and
almost 96% of the total adsorption was
completed in the first 7 h, and q (maximum
adsorption amount) was observed to be 1.2225
mmol g'.

14

0,4 -

q, (*10° molig)

0,2 4

0,0 <

40 50 60 70
t (h)

Fig. 3. Effect of contact time on the adsorption of Cu(ll).
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In this study, the experimental data was tested
by using kinetic models such as pseudo-first-
order, pseudo-second-order, Elovich and intra-
particle diffusion models. The linear format
pseudo-first-order model expression as given by
Lagergren is presented in the equation (2) :

In(g. — q) = Inq, — (kqt) ()

q, - amount of Copper(ll) capacity at equilibrium
time (mol g)

q, : amount of Copper(ll) capacity at a certain
time t (mol g)

By the linear plot of In (q, — q,) against t, the
values of k, (the rate constant of first order
adsorption, h™) and g, can be derived from the
slop and intercept, respectively.

The pseudo-second-order kinetic model is
defined as follows2:

t/q. = (1/k2q2) + (t/q.)

The values k, (the rate constant, g mol™ h)
and g, could be estimated experientially by the
slope and intercept of the plot of t/q, against t.

3)

Elovich kinetic model equation is mostly
denoted as given in the equation (4) 43

g: = 1/BIn(a B) + 1/BIn(t)

The constants, « (primary rate constant, mol
g”' min'") and 3 (adsorption constant, g mol™)
could be found out from the slope and intercept
of a linear plot of g, against In(t).

(4)

The intra-particle diffusion model equation is
generally expressed as following equation(5)1“4:

()

k,; (diffusion rate constant values, mol g h*"
?) and C, (adsorption constant, mol g')values
could be figured out by the intercept and
slope of the linear line of g, against t'2,
respectively.

qe = kpit'/? +

According to Table 1, it can be considered that
the coefficient of correlation was 0.8867 for the
pseudo-first-order model, and the discrepancy
between the theoretical q, . ,and experimental
q, .., Fates were huge. Thus, pseudo-first-order
kinetic model are not suited to define the
adsorption process. On contrary, the high

TABLE 1. Calculated adsorption parameters for different kinetic models.

Kinetic models Uioxp (*10°mol g)
1.2225
Pseudo-first-order constant K, (min™) Qg 00 (710°mol g7) r2
0.0065 0.7263 0.8867
Pseudo-second-order constant k,(*10% g mol™ min™) 0,100 (F10°mol g7) r2
0.0203 1.2261 0.9999
Intra-particle diffusion constant ky(*10°mol g min-'2) C,(*10°mol g7) r2
0.0200 0.7587 0.9453
Elovich constant B (*10% g mol) a(*10mol g min™) r2
3.8109 0.0748 0.9489
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correlation coefficient value (0.9998) and the
compatibility between the q_  and q_, data

make pseudo-second-order model more
appropriate than others (Figure 4). As

understood from Table 1, the correlation
coefficient for Elovich equation was 0.9489, and
the experimental value showed poor agreement
of Elovich kinetic model.

4000 =

t/q, (*10’ min g/mol)

T T
1000 2000

T
4000

an'oo
t (min)

5000

Fig. 4. The pseudo-second order kinetic plot

The intra-patrticle diffusion model was developed
by Weber and Morris, to identify the adsorption
behavior, which affects the adsorption kinetics
by fitting to the kinetic experimental data. An

adsorption process fits the intra-particle
diffusion mechanism only if the plot of q versus
t"2is linear, and it passes from the origin.

1,2 -

[
|

1,0 - s

0.8
c
°
g 06-
qﬂ
T
o 04 -

02 /

0.0 2 2 2 2 : g

0 5 10 15 20
t" (min'?)

Fig. 5. Intra-particle diffusion kinetic plot.
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As presented in Figure 5, the multi-linear plot
showed that the adsorption mechanism
consists of three stages;(i) the beginning phase
was the exterior surface adsorption, (ii) the
second phase was the stepped adsorption
because of the intra-particle or pore diffusion,
(iii) the third phase was ascribed to the final
equilibrium phase 546471,

The q, ,value was calculated close to the
experimental one (=24 hq, =1.23"10°mol g7),
and the intercept values (C) weren’t zero
nevertheless C, was larger than C, and C,. In
addition, the intra-particle diffusion rate, kpzwas
lower than the external mass diffusion rate, km.
As shown, the process possessed different
adsorption phases, so the rate-controlling stage
can be determined by the equation (6) “&!

F=0/qu=1- %Z(l/nz) exp(—n*By) (6)

q, : adsorption capacity at certain time t (mol g)
g. : adsorption capacity at infinite time (mol g)
B, : mathematical use of F

n : Freundlich constant

The kinetic expression can be formed as the
equations (7) and (8) 19

for0 <f<0.85
B, =2m— (w2 F/3) — 2n(1 —wF/3)¥/2 (7)
for0.86 <f<1and
B, = —In(1 —F) —0.4977 ®)

B, were calculated for each value of F by
equation (7) and (8). As seen from Figure 6,
the plot between B, vs tis linear, and the linear
plot demonstrates the controlling adsorption
mechanism. If the linear plot gets through the
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origin, intra-particle diffusion is dominated on
adsorption, whereas, if the plot is not linear to
pass the origin, the mechanism is controlled
by external mass diffusion. As seen from Figure
6, the low linearity of the plots and not getting
through the origin make the external mass
diffusion dominated than the intra-particle
diffusion.

Adsorption isotherms

The relevance between the adsorption amount
on the sorbent material and the concentration
of the dissolved adsorbate in solution at
equilibrium was defined as adsorption
isotherm. In presented study, the relevance
of the primary copper(ll) ion concentration (C )
on the adsorbed copper (Il) amount (q,) was
given in Figure 7. As seen, q, value increased
with the increasing initial concentration of
Copper(ll) ion.

To optimize the adsorption process of Copper(ll)
ion on saponificated amino functionalized
HEMA-AAm gel, the kinetic data was tested
by Langmuir, Freundlich, and D-R isotherm
models. The linearized equations (9), (10) and
(11) of the isotherm models is stated as:

Langmuir isotherm equation is given by
Ce/qe = 1/b Qmax + Ce/Gmax (9)

g, - equilibrium adsorption capacity per gram
on the adsorbent (mol g )

C. : equilibrium concentration of Copper(ll)
metal ion (mol L)

: maximum amount of the adsorbent
monolayer the surface (mol g')

b : Langmuir constant (L mol)
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Fig. 6. Linearity between B, against t.

q. (*10” mollg)
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Fig. 7. Effect of initial metal ion concentration
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Freundlich isotherm equation is given by®'!:
Ing. = InKy + 1/5Inc, (10)

n :exponent of the Freundlich equation,

K. :Freundlich constant.

D-R isotherm equation is given by!®2:

(11)

g, :monolayer (max.) adsorption capacity
(molg™)

Ing, = Ingq,, — B&*

B :activity coefficient

e : Polanyi potential,

TABLE 2. Isotherm constant values.

(12)

e=RTIn (1+1/;)

The constant (B) supplies the mean free-
energy (E,) for sorption per mole of adsorbent
as it is transmitted to the solid surface from
infinity in the heavy metal solution, and it is
represented by 54:

E,= (2B)1/2 (13)

The Langmuir isotherm indicates monolayer
surface adsorption by uniform energies at active
sites. As seen from Table 2, the r? value is
> 0.99 that indicates a very good mathematical
fit, and it signs the monolayer adsorption of the
ion at given temperature 154591,

Isotherms Constants
Langmuir Ohax (*10°mol g ) r2
b (*10° L mol™)
1.41 2.416 0.998
Freundlich K, (*10° mol'¥" L' g1) 1/n r?
2.13 0.0937 0.9964
D-R g,,(*10°mol g") B (*10° mol?kJ?) E,(kd mol™) r2
1.65 0.0014 18.90 0.9960

The Freundlich isotherm model is depend on
the heterogeneous surface adsorption with
non-uniform energies of active site. The value
of 1/n<1 (Table 2) implies that the adsorption
capacity is lightly suppressed at lower
equilibrium concentrations which means
multilayer adsorption of Copper(ll) ion on the
surface 5659,

The D-R isotherm gives knowledge on
adsorption mechanism of adsorbate onto
adsorbent. If E_ is higher than 8 kJ mol”, it
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represents chemical adsorption, while if E_ is
lower than 8 kd mol”, it means physical
adsorption ®9. As E value is 18.9 kd mol?, it
implies that adsorption process is controlled
by chemical adsorption.

In conclusion, the correlation coefficients were
high and closer to 1 for all isotherm models
(Table 2 and Figure 8), and this states that
the adsorption on the surface adsorbent could
be clarified by using any of these isotherm
models.
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Fig. 8. Langmuir, Freundlich, and D-R plots for the adsorption of Cu(ll) ion.

CONCLUSIONS

In this investigation, the synthesis and metal
ion adsorption capacity synthesized gel (SA-
HEMA-AAm) was examined using copper(ll)
ion. The synthesis of functionalized HEMA-
AAM hydrogel was proved by FTIR analysis.
The confirmation of transamidation and
saponification reactions of HEMA-AAm gel was
obtained by the bands at 1567 and 1540 cm,
respectively. In addition, after the saponification

reaction, surface area as well as adsorption
capacity of the gel was improved. The
adsorption performance improved with the
increase in the contact time and the
concentration of primary metal ion. The
adsorption equilibrium of copper (llI) was
observed to reachin 7 h. The kinetic adsoption
studies emerged that adsorption profiles of the
gel followed pseudo-second order kinetic
model, and external mass diffusion mechanism
can be effectively used on adsorption. The
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equilibrium analysis displayed that the used
isotherm models well-suited to the
experimental value. Conforming to the
increased adsorption amount, the
functionalized gel may have potential usage of
adsorption of heavy metal Copper(ll) ion for
wastewater purification.
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