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Abstract. To selectively remove mercury(Il), 2-hydroxy-
ethyl methacrylate (HM) and 2-hydroxyethyl methacry-
late/acrylamide (HM/ACR) hydrogels were synthesized
using radiation. These hydrogels were used in swelling,
diffusion, and binding studies. Swelling parameters for
HM/ACR-Hg*" system are higher than those of
HM-Hg”" systems. Binding of Hg" " has been observed to
be C-type for HM and L-type for HM/ACR hydrogels.
Binding parameters were calculated using Freundlich,
Langmuir and Henry models. Effects of Hg”" concent-
ration, radiation dose, ACR ratio, temperature, counter
ions were investigated. Binding and swelling of HM
increased with the incorporation of acrylamide. HM/ACR
hydrogels absorbed only Hg®*, and did not absorb heavy
metal ions.

Keywords: mercury, 2-hydroxyethyl
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1. Introduction

Mercury, which ranks third among the 275 toxic
substances listed by the Toxic Substances and Disease
Records Substance Priority List' in 2019, is a chemical
element that exists throughout the environment. Mercury,
which can be transported to the atmosphere,™ stays in the
environment for a long time and accumulates in the food
network, causing various health problems due to its toxic
properties.™” Despite this disadvantage, mercury has been
used in many areas and is still used for many different
purposes.”

Mercury can be present as HgO, inorganic (Hg'
and Hg’"), and organic (i.e., MeHg, EtHg, and PhHg).
Hg" is the predominant form of mercury in water and soil
or sediment. All forms of mercury are highly toxic to all
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organisms. It can easily penetrate through the cell
membrane and accumulate in the blood.*’

It has been proposed that adsorbents can be used to
remove and concentrate metals from industrial wastewaters.
Adsorbents made of polymers are widely used in heavy
metal removal from aqueous systems due to their selectivity
and efficiency, easiness of use, and low price.lo’12 However,
hydrogels, }zaolymeric network structures, have been used to
remove Hg*" in a limited number."*'®

Hydrogels are crosslinked, three-dimensional
hydrophilic polymer networks which show kaleidoscopic
swelling because of inherent crosslinks. Water-loving
functional groups, i.e., hydroxyl, carboxylic, amidic,
sulfonyl, ezc., which may be present in the hydrogel,
absorb water, thereby enhancing the hydrogel ability to
retain water.

One can perform the synthesis of the hydrogel by
crosslinking hydrophilic monomers. The crosslinking
reaction may be carried out either by chemical
crosslinking agents or by radiation. In radiation processing
technology there is no need for initiators, catalysts and
crosslinkers for the hydrogel synthesis due to the high
energy of ionizing radiations.'”" The radiation crosslin-
king technique has numerous advantages. Radiation
technology is environmentally friendly as it does not leave
residues or contaminants in the environment.”

When hydrogels interact with dissolved substances
in a solution, they adsorb and retain them. Therefore,
hydrogels have been used in many investigations, such as
for water purification, for removal of some water-soluble
dyes or toxic metal ions from aqueous solutions."

Due to the growing awareness of environmental
mercury pollution and the need for new and selective
methods for the removal of Hg*" from natural water or
wastewaters, this research is devoted to the design,
preparation and application of radiation crosslinked
2-hydroxyethyl methacrylate (HM) homopolymer and
2-hydroxyethyl = methacrylate/acrylamide =~ (HM/ACR)
copolymer as selective for Hg”".

The goal of this research is to investigate the
potential of HM and HM/ACR hydrogels to selectively
adsorb Hg”" ions from the individual artificial aqueous
solution. Firstly, HM and HM/ACR hydrogels were
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prepared; secondly, the effect of interaction time, initial
concentration of Hg2+ solutions, radiation dose,
monomer:comonomer ratio, counterions, and temperature
on the removal ability of HM and HM/ACR hydrogels
were investigated. Freundlich and Langmuir or Henry
isotherm models are used to defining equilibrium data.
Finally, the removal mechanisms of Hg®" from the
artificial aqueous solution on HM and HM/ACR hydro-
gels were also evaluated in terms of thermodynamics, and
the desorption efficiency was also investigated.

2. Experimental

2.1. Chemicals

2-Hydroxymethyl ~ methacrylate = (HM)  and
acrylamide (ACR) are produced by BDH (Poole, UK).
Hg(OOCCH3)2, HgO\IO3)2, HgSO4, HgClz, Cu(OOCCH3)2,
Pb(OOCCHj3),, Zn(OOCCHj),, Cd(OOCCHs),, and
1,5-diphenyl carbazide were purchased from Merck (Dar-
mstadt, Germany). All chemicals were used as received.

2.2. Preparation of Hydrogels

10 mL of HM with 0, 2, 4, 6, 8, or 10 g of ACR
were dissolved in 10, 12, 14, 16, 18, and 20 mL of double
distilled water, respectively. These solutions were filled
into PVC pipettes using a syringe. Doses of 2, 3, 4, 5, and
6 kGy in a Gammacell 220 type y-irradiator were applied
at a fixed rate of 6 kGyh™'. Cylindrical hydrogels were
cut, kept in double distilled water to remove unreacted
monomers, dried in ambient air, and then in a vacuum.”!

Unless otherwise indicated, HM or HM/ACR
hydrogels containing 5 g ACR were used in the swelling
and binding experiments. All experiments were carried
out at 283 K for 8 h and at the original solution pH, to get
rid of buffer ions.

2.3. Hydrogels Analysis

Swelling of hydrogels. HM and HM/ACR
hydrogels irradiated to 2 kGy were swelled at 283 K in
water and mercury(I) acetate solution (100 mg-L™"). The
mass of the swollen gels was determined by weighing at
certain time intervals.

The swelling (S) can be given as following
equation:

§ =" (1)

where my and m,, are the initial mass of gel and the mass

of water in the hydrogel (g) at any time, respectively.”'
Spectroscopic analysis. Homopolymerization of

HM, copolymerization of HM/ACR, and Hg**-hydrogel
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interactions were verified using the MATTSON 1000
FTIR spectrometer.

Adsorption kinetics. For adsorption kinetics, four
kGy irradiated HM or HM/ACR hydrogels were added to
the Hg(OOCCHs3), solution (100 mg'L™") and the con-
centration of Hg”" in the remaining solution was
determined at appropriate intervals.

Adsorption equilibrium. 5 kGy irradiated HM or
HM/ACR hydrogel was placed to 20 mL of Hg(OOCCH;),
solution with concentrations of 10-250 mg'L" and kept
for 8 h.

Effect of ACR ratio in hydrogel and Irradiation
dose on adsorption. Hydrogels synthesized at various
ACR ratios and irradiation doses were allowed to
equilibrate by placing them in a 20 mL of Hg(OOCCH3),
solution (100 mg'L™).

Effect of temperature. 2 kGy irradiated HM or
HM/ACR hydrogels were allowed to equilibrate at
temperatures of 283-323 K by transferring them to 50 mL
of Hg(OOCCH3), solution (100 mg-L™).

Effect of counterions. 4 kGy irradiated HM or
HM/ACR hydrogels were added to 50 mL of mercury salt
solutions containing CH;COO or NO; or SO,* or CI”
ions (100 mg-L™") and kept until equilibrated.

Determination of Hg’" ions. Mercury ion
concentrations were determined by adding 1 mL of 1.5-
diphenyl carbazide solution at a concentration of
0.001 g'L™" with 1 ml of distilled water to 1 mL of Hg**
solution.””  Absorption of purple-colored mercury
complexes was measured at a Shimadzu 160 A model
UV/VIS spectrophotometer at a wavelength of 530 nm.

Selectivity. Selectivity trials of 3 kGy irradiated
HM or HM/ACR hydrogels were carried out by placing
50 mL of acetate salts (i.e. mercury, copper, lead, zinc,
and cadmium) in a metal solution mixture of 100 mg-L™.
Metal concentrations were found with an atomic absorp-
tion spectrophotometer (Shimadzu AAS - 6300S model).

Recovery. Hg-loaded hydrogels were boiled in
acetic acid for 1 h and cooled; then the absorbance of the
complex formed by adding 1.5-diphenyl carbazide
solution was measured at 530 nm.

3. Results and Discussion

3.1. Preparation

Hydrogels were synthesized using ionizing ®“Co
gamma radiation.'”"” ®Co gamma radiation, which is
used in the production of polymers and gels from
monomers, and changes the properties of synthetic
polymers, provides a clean method. It is unnecessary to
add any chemicals such as initiators, catalysts, and
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accelerators to the reaction medium. Polymerization is
carried out with free radicals generated from a monomer,
comonomer, or solvent. Therefore, no residues of
chemicals, catalyst, ezc. remain in the polymeric structure
after radiation application.

Free radicals are generated when the HM and/or
ACR monomers in aqueous solutions are irradiated with
gamma rays. HM homopolymers or HM/ACR
copolymers are formed by random reactions of free
radicals consisting of water, monomers or comonomers
with the monomers in the environment. Gamma
irradiation of 2 kGy at room temperature is sufficient for
the complete gelling of HM or ACR.*'*

3.2. FT-IR Analysis

In the spectrum of the crosslinked HM
homopolymer (Fig 1), the weak absorption band at
2876 cm' corresponds to the C—H stretching vibration of
the methylene groups. The sharp band at 1728 cm’
corresponds to the C=0O group. The wide O—H stretching
absorption band at 3600-3200 cm” shows the H-bond
between hydroxyl groups in HM.

The spectrum of the crosslinked HM/ACR
copolymer (Fig 1) shows all characteristic bands of the
HM homopolymer. In the spectrum of the copolymer,
there are wide absorption bands of hydroxyl (—OH)
groups in HM and amide (—NH;) groups in ACR at
3620-3150 cm™. The absorption bands of the methyl
group in HM and the amide group in ACR at 1293 and
1448 cm™! are observed in the spectrum of the HM/ACR
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hydroge.** On the other hand, HM/ACR copolymer shows
a characteristic band at 1728 cni’' (C=0 stretching, amide
I). The bands in the range of 3600-3150 and 1450 cm
are the stretching vibrations of amide groups.”*
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Fig. 1. FTIR spectra of the hydrogels: HM (A)
and HM/ACR (B)

C=C olefinic stretching vibrations of monomeric
double bonds at 900-1000 and 1516 cm™ are not seen in
the spectra of the HM and HM/ACR hydrogels. This
clearly shows that monomers and comonomers are homo-
and/or co-polymerized.” From this spectral analysis, it
can be said that a polymer is formed by polymerizing over
the double bonds of HM and ACR monomers.
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Fig. 2. The swelling curves of the hydrogels in distilled water (a) and in the Hg*"solution (b): HM (0);
HM/ACR (e®);pseudo-first order model fit (— — —) and pseudo-second order model fit (——)
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Table 1. Kinetics parameters of the hydrogel swelling

Hydrogel
Parameters M HAM/ACR
in water | in Hg” solution in water | in Hg” solution
Experimental
Equilibrium swelling, S,,, g g 0.4762 \ 0.4561 3.8107 \ 2.8163
Pseudo-first order
Power parameter S,, g g | 0.4434 0.4327 3.6824 2.6385
Rate parameter 7, min 45.45 42.37 129.87 95.34
Swelling rate SR, g g’ min ' 0.0098 0.0102 0.0284 0.0277
Rate constant ks, min ' 0.0220 0.0236 0.0077 0.0105
Correlation coefficient R 0.9622 0.9668 0.9831 0.9774
Pseudo-second order
Maximum swelling S,, g g ' 0.4994 0.4882 4.6904 32134
Initial rate 7, (dS/dt),, g g ' min ' 0.0148 0.0151 0.0348 0.0362
Rate constant k,s,g g min ' 0.0037 0.0035 0.7651 0.3755
Correlation coefficient R 0.9745 0.9937 0.9928 0.9926

3.3. Swelling and Diffusion

The swelling of the hydrogels over time is shown
in Fig. 2, and the values with constant water intake
(equilibrium swelling, S,) are given in Table 1.

The hydrophilicity of the HM/ACR copolymer
containing water-loving groups, such as amine and
carbonyl group is higher than that of the homopolymer
containing the water-loving hydroxyl and carboxyl group,
as well as hydrophobic groups such as the —(CH,),— and
methyl group. The more hydrophilic gel will absorb more
water, and therefore the HM/ACR copolymer will swell
considerably more than the HM hydrogel.

Fig. 2 and Table 1 show that the fast-swelling
HM/ACR hydrogel swells by about 6-8 times more than
the HM hydrogel. Besides, while HM/ACR hydrogel
swells in water by 1.44 times more than Hg’" solution,
HM hydrogel swells in water only by 1.04 times more
than Hg”" solution.

3.3.1. Swelling kinetics

A wide variety of kinetic models has been
proposed to explain the swelling mechanism.”*?’ The
pseudo-order kinetics model is given by the following
equation:

ﬁ=kis(S€—‘S’)" 2)
dt '
where ki is the rate constant; S and S; are the swelling at
any time and equilibrium, respectively; » indicates the
pseudo-order of swelling.
After integration in boundary conditions, Eq. (2)
has a following view:

forn=1 §=8__ (1-€"") 3)

t
4
A+ Bt @

forn=2 S=

where A is the term related to the initial swelling rate
ro; B is the term related to equilibrium swelling, i.e.
A= 1/kysS,> and B=1/S, >

S-t plots were drawn using a nonlinear regression
(Fig. 2); calculated kinetic parameters and correlation
coefficients R are tabulated in Table 1.

For pseudo-first order kinetics (PFO), the ratio of
power parameter (S,) to the rate parameter gives the
swelling rate (SR, g g ' min ") at time 7, while the inverse
of the rate parameter gives the rate constant (ki g, min™).
The rate parameter value is a measure of the SR (i.e., the
lower the 7 value, the higher the rate of swelling).”® The
rate parameters are found to be 42 and 45 min for the HM
hydrogels, and 95 and 130 min for the HM/ACR
hydrogels, respectively (Table 1). It means that according
to the model (Eq. 3), these samples absorb approximately
63 % of their maximum absorption capacity during
42—-130 min. These results show that the HM/ACR
hydrogel rapidly swollen, and the HM/ACR hydrogels
swollen by about 6—8 times more than HM hydrogels.
Moreover, while the swelling rate of HM/ACR hydrogel
in water was by 1.44 times more than Hg®" ion solution,
the values of HM hydrogel in water were by 1.04 times
more than Hg" ions.

The theoretical S, value found in the pseudo-
second order kinetic model (PSO) is very close to the
experimental S, value. So, PSO is an agreement with
swelling experiments. The results revealed that the R* of
the PSO was higher than those of the PFO, indicating that
the PSO better represented the swelling of the hydrogels.

3.3.2. Diffusion

The diffusion of fluid into hydrogels is calculated
according to Eq. (5):

F=kyt" (5)
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where F is the fractional water uptake at time ¢, kp is a
constant incorporating characteristic of the gel and the
fluid; and » is the diffusional exponent, indicative of the
transport mechanism.

This equation is valid for the first 60 % of F. It
shows Fickian diffusion if n = 0.5, non-Fickian diffusion
if 0.5>n> 1, and Case II transport behavior if n = 1.'%*

For HM and HM/ACR hydrogels, the F-t plots are
drawn (Fig. 3), and n and kp parameters are calculated
using the nonlinear regression. These parameters and
correlation coefficients R” are given in Table 2.

The value of » is found to be below 0.50 for HM
hydrogel, and over 0.50 for HM/ACR hydrogel. While the
diffusion of water into the HM hydrogel is of Fickian
character, it is of non-Fickian character for the HM/ACR
hydrogel."*

Diffusion coefficient, D (cm™s '), is calculated
according to Eq. (6):

2
D= (k—[’j m’ (6)
4
where r is the hydrogel radius.”’

The D values change from 12.5-107 to 5.29:10”
cm’ s ' (Table 2), and they are higher in water than those
of ions. Therefore diffusion of the big hydrated
mercury(Il) ions [Hg(H,0)s’] into the small hydrogel
pores is difficult to be held there.

3.4. Removal of ng from the Solutions
3.4.1. Binding of Hg** to HM and HM/ACR
hydrogels

Since HM is a neutral polymer, it has not been used
directly in the adsorption of metal ions; however, it has
been used for metal adsorption by chemical modifications
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via the hydroxyl group™” or by grafting it into some
polymer backbones.***' HM chemical modifications and
grafts are a complex and very difficult process that takes a
long time.

Like HM, ACR is a neutral polymer and does not
adsorb any heavy metal ions other than mercury ions.
Monoamido or diamido groups in amide compounds react
with mercury ions. The mercury-amide linkage is covalent
rather than coordinative. Amide groups show a minimum
coordination tendency with transition metal ions since
they are a weak donor due to the electron-attracting
carbonyl group. This feature makes amide groups unique
in the highly selective mercury binding.” > Therefore,
HM/ACR hydrogels were designed to give HM the ability
to absorb mercury. These gels containing amide groups
can be used to remove mercury ions. Besides, mercury-
loaded adsorbents can be easily regenerated with hot
CH;COOH without hydrolysis of amides.”

To investigate the binding of Hg*" to HM and
HM/ACR polymers, the hydrogels were placed in aqueous
Hg(OOCCHj), solutions and kept for one day until
equilibrium. Then, a steep decrease in the concentration of
Hg®" is observed. Thus, the incorporation of ACR in HM
hydrogels enhanced the interaction between Hg”" and the
constitutional repeating units of ACR in the hydrogel
network.

The pH value of the original Hg”'solutions used in
these binding experiments was measured at approximately
4.5. All binding studies were made at the original pH of
the solutions as the optimum pH value because as the pH
increases, the formation of hydrogel-Hg* complexes
increases too. At acidic pH values, the excess H' ion
competes with Hg”" for active sites on hydrogels. As pH
rises to 4—5 and proton concentration decrements, this
competition decreases and the formation of complexes
between hydrogels and Hg®" increases.*”*
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Fig. 3. Plots of F vs. ¢ of the hydrogels in distilled water (a), and in the Hg” solution (b):
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Table 2. Diffusion parameters of the hydrogels

Hydrogel
Parameters M HM/ACR
in water in Hg™ solution in water in Hg™ solution
Diffusion constant kp 0.1201 0.0978 0.0316 0.0454
Diffusion exponent 7p 0.4030 0.4071 0.5712 0.5410
Diffusion mechanism type Fickian Fickian non-Fickian non-Fickian
Correlation coefficient R” 0.9683 0.9937 0.9982 0.9984
Diffusion coefficient D, cm’s ' 2.50-10° 1.2510° 6.32:10° 5.29-10°
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Fig. 5. FTIR spectra of the hydrogels: HM (A); Hg* —loaded HM (C); HM/ACR (B) and Hg*—loaded HM/ACR (D)

The main interaction sites of the Hg*" are the N
and O atoms containing several lone electron pairs on
the main chains.'® Functional groups such as -NH— (or
—N=/—NH;) and —C=0 are more likely to act as binding
sites in their interactions with Hg*". This is due to the
fact that the soft acid of the Hg” offers high affinity to
the soft bases of the —C=0 groups and to the medium
soft bases of the -NH—, —N=, and —NH, groups.
Besides, O—H bonds will be another binding site by

generating charge transfer between the electron-rich
HM and electron-poor Hg"."’

The reaction appears to be general for compounds
containing amide groups. Polymers/gels containing
amides in their chemical structure can be considered as a
suitable adsorbent in the binding of Hg®". Since HM and
HM/ACR hydrogels contain functional groups such as
amide, hydroxyl, and carbonyl, a plausible mechanism for
interactions of these hydrogels with Hg”" has been
proposed (Fig. 4).”!

To explain spectroscopically the binding of Hg**
onto hydrogels, the FTIR spectra of Hg loaded—HM and
—HM/ACR hydrogels are taken (Fig. 5).
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The unloaded—HM hydrogel and Hg loaded—HM
hydrogel spectra are the same. In contrast, the
unloaded-HM/ACR spectrum has some differences if
compared with the Hg loaded—HM/ACR hydrogel
spectrum (Fig. 5). Due to the complexation of Hg*" with
acrylamide units in the HM/ACR hydrogel, the N-H
bending, as well as asymmetric and symmetrical
stretching vibration bands of N—H of the amide groups
shifted towards the lower region, while the stretching
vibration band of C=0 in the amide group shifted towards
the higher region (Fig. 5).

In the FTIR spectrum of HM/ACR hydrogel, C=0
stretching vibrations and N—H bending of amide are
observed at 1660 and 1626 cm™, respectively. Apart from
these bands, C—H stretching at 2953 cm’ is also observed.
In the case of Hg®~HM/ACR complex, the —C=0
stretching vibrations shift from 1677 to 1660 cm™, i.e.
towards the higher region. In Hg”~HM/ACR, N-H
bending stretching and N—H plane bending coupled with
C—N stretching shifted towards the lower region, i.e. from
1626 to 1600 cm™ and from 1294 to 1243 cm™, respec-
tively.™*

Characteristic infrared absorption bonds of the
HM/ACR  hydrogel linkages at the amide I
(1600-1700 cm™; C=0 stretch weakly coupled with C—N
stretch and N—H bending), amide II (1500-1600 cm™; C—
N stretching strongly coupled with N-H bending) and
amide 111 (1200-1350 cm™; N-H plane bending coupled
with C—N stretching) regions correspond to the amide
structure.® The vibration shifting in the hydrogels may be
caused by the binding of Hg”" to the amide groups of
polymer chains in the HM/ACR hydrogel.

The plausible binding pattern of the Hg*—hydrogel
systems proposed in Fig. 4 is supported by the IR spectra.

3.4.2. Binding characterization

Cy, which is the total solute concentration in the
adsorption equilibrium, is calculated according to (7):
C=C,+C (7)
where C, is the equilibrium concentration of the solutions
on the adsorbent per liter solution (bound solute
concentration); C is the equilibrium concentration of the
solute in the solution (free solute concentration). The value
of the bound concentration can be calculated by using the
difference of Cy—C. For a fixed free solute concentration, C,,
is proportional to the polymer concentration on the binding
system; therefore, the amount bound can be conveniently
expressed as the binding ratio:

Cy
=2 8
r=<t ®
Thus, with Cp, in m01~L’1, and P is base mol (moles

of monomer units) per liter the solute represents the
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average number of molecules of solute bound to each
monomer unit at that free solute concentration.>*

Adsorption kinetics and equilibria are two critical
physicochemical properties for evaluating the sorption
process as a unit process.’”*

3.4.2.1. Kinetics of the mercury uptake

For metal sorption on the hydrogel surface, PFO,
PSO kinetic models, and intraparticle diffusion (IPD)
model are used.”

PFO model, which can be applied when the
sorption rate of metal ions is proportional to the number of
vacant sites onto the hydrogel, is shown by the following
equation.

r=r_ (1-€") 9)
where rp.x and r are the amount of metal sorbed
(mmol-mol ") on the hydrogels at equilibrium and at any
time ¢; k; is the PFO rate constant, min .

The PSO model is applied when the metal sorption
rate is proportional to the square of the number of vacant
sites on hydrogels, and its equation can be written as
following:

2

max k,t
V=
I+7,

(10)

where k; is the PSO rate constant, mol”" mmol min_l; Fmax
and r are as defined above.

IDF model is used to explain the role of diffusion in
the sorption process. The graph between r and
transmits the necessary information. The graph usually
shows three linear regions that reflect the external mass
transfer, particle diffusion, and saturation of the process.’’
IDF model equation is as following:

r=kNt+W (11)
where £; is IDF rate constant, mmol mol ' min 2 Wis
intercepted for any trial.

To investigate the sorption kinetics, the r versus 1>
is plotted for the binding kinetics of Hg*" onto HM and
HM/ACR hydrogels, illustrated by experimental data
filled and empty circles (Fig. 6).

Binding of Hg”" was increased sharply at a short
contact time and gradually slowed down with the
approaching equilibrium (Fig. 6). This behavior indicates
the saturation of relatively available fewer adsorption
sites. Its kinetic curves are smooth and continuous, and
have reached saturation, indicating that monolayer Hg”" is
the coverage of the hydrogels (chemosphere).

To apply the PFO and PSO kinetic models to the
experimental data in Fig. 6, the nonlinear regression
curves indicated by solid and dashed lines are drawn,
kinetic parameters and correlation coefficients (R?) are
calculated from these curves and given in Table 3.

ax k,
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When the values of R” are analyzed in Table 3, the
PSO kinetics model values are closer to unity than that of
the PFO kinetic model. Therefore, the suitable model for
hydrogel-Hg®" adsorption systems is the PSO model.
Also, as seen in Table 3, Hg2+ was adsorbed in the
HM/ACR hydrogel in greater quantity (1.65 times) and
faster (4.46 times) than the HM hydrogel.

For the application of IPD model, r vs. /- graphs
are plotted (Fig. 7). Fig. 7 shows three different regions
for both HM and HM/ACR hydrogels. The first region is
the external mass transfer (EMT) region with a time
interval of 0—60 min, the second zone is the intraparticle
diffusion (IPD) region in the 60—240 minute range, and

Dursun Saraydin et al.

the last zone is the saturation (SA) zone in the range of
240—480 min. Rate constants of the regions were found
from the slope of the lines in Fig. 7 and listed in Table 3
with together correlation coefficients.

The rate constants of the hydrogel-Hg”" adsorption
systems vary as kgmr > kipp > ksa. This indicates that the
EMT process is more dominant in the system in the first
60 minutes of the binding process. Furthermore, the kgmt
value of the HM/ACR-Hg”" adsorption system was
greater than that of other, while the kjpp and ksa values
were approximately equal. Thus, it can be said that Hg*"
has a faster external mass transfer to the HM/ACR

hydrogel than the HM hydrogel.
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Fig. 6. The kinetic curves for the adsorption of Hg“ on the
hydrogels: HM (0); HM/ACR (e); PFO model fit (— ——) and

Fig 7. The intraparticle kinetic curves for the mercury(Il)
ions—hydrogel system: HM (o); HM/ACR (e);

PSO model fit (—) model fit (——-)
Table 3. Adsorption kinetics parameters of the hydrogels
Hydrogel
Parameter M | TIM/ACR
Experimental
Equilibrium adsorption 7., mmol mol ' | 16.8369 | 29.0960
Pseudo-first order
Maximum adsorption 7;,,,, mmol mol ™’ 15.8469 27.5908
Rate constant &; min | 0.0178 0.0381
Correlation coefficient R” 0.9709 0.9801
Pseudo-second order
Initial »q or (dr/dt),, mmol mol ' min”’ 0.4088 1.8225
Maximum adsorption 7;,,,, mmol mol ™’ 17.9783 29.6015
Rate constant k,, mol " mol min ' 1.2647 2.0833
Correlation coefficient R” 0.9916 0.9981
Intraparticular diffusion
External mass transfer rate constant &;;, mmol mol ' min "~ 1.3863 3.1456
Intra-particle diffusion rate constant k;,, mmol mol " min " 0.5754 0.4903
Saturation rate constant k;;, mmol mol " min " 0.2545 0.2474
Correlation coefficient R;,” 0.9986 0.9915
Correlation coefficient R;,” 0.9936 0.9666
Correlation coefficient R;5~ 0.9640 0.9860
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3.4.2.2. Influence of Hg?* concentration

To determine the sorption of Hg* on HM and
HM/ACR hydrogels, the graph of the »—C is plotted, and
presented in Fig. 8.

The Freundlich equation is:*"**

1

r=kpC"r (12)
where » and C were predefined; k7 is the Freundlich
constant; ny is an indicator of the deviation of the binding
isotherm from linearity. The ny values are related to the
Giles classification, S-, L-, and C-type isotherm. ng > 1
corresponds to L-type, np =1 to C-type and np < 1 to S-
shape.”** The high k value indicates easy uptake of the
solute from the solution. Freundlich parameters are
calculated from the nonlinear regression of the plots in
Fig. 8, and were given in Table 4.
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Fig 8. The binding isotherms of Hg*" —hydrogel system:
HM (o); HM/ACR (e); Freundlich model (———)
and Langmuir model (—)

Table 4. Adsorption parameters
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The ng values for HM and HM/ACR hydrogels
were found to be 1.00 to 3.33, respectively. According to
these np values, the binding of Hg*" onto HM and
HM/ACR hydrogel is C-type (Henry type) and L-type
(Langmuirian type), respectively.

A C-type isotherm curve is a linear form,
indicating that the binding ratio increases linearly with the
free concentration. The L-type isotherm curve is in a
plateau form and has a concave shape.* Initially, since
most of the sorbent material absorption sites are
unoccupied, there is a steep increase in binding rate with
an increased free concentration in the outer solution.

On the other hand, since adsorption was determined
as C-type and L-type, adsorption parameters were
determined by using Henry and Langmuir’s equation
given below.

Henry’s equation r=KyC (13)
L i i potiRiC 14
angmuir’s equation “T4K,C (14)

where Ky (for Henry equation) and K; (for Langmuir
equation) are the binding constant, and n; is the site
density, i.e., the limiting value of » for ‘‘monolayer”
coverage.

The reciprocal of n; is the site-size u, which may
be taken to represent either the average number of
monomer units occupied by the bound solute molecule or,
more generally, the average spacing of solute molecules
when the chain is saturated. The initial binding constant,
K;, is the initial slope of the binding isotherm, and
therefore the average binding strength of a solute
molecule by a single monomer unit on an occupied chain.
It is equal to the product K;n;.

Hydrogel
Parameter M | TIM/ACR
Freundlich parameters
Adsorption capacity kz ((mmol mol ")(L mmol )™ 41.1529 0.4799
Heterogeneity factor ny 1.0000 3.3256
Isotherm type in the Giles classification C L
Correlation coefficient R” 0.9953 0.9599
Langmuir parameters
Monolayer adsorption capacity 7,, mmoly, molp ' 390.2630 38.7281
Affinity constant K, L-mol -84.3111 56678.5110
Initial binding constant K; 32.9035 2195.0499
Site-size «, mol hydrogel-(mol mercury(II)) ' 2.5624 25.8211
Fractional occupancy 6 0.0935 0.9915
Correlation coefficient R” 0.9957 0.9934
Range of equilibrium parameters R, 1.1111-1.0040 0.0140-0.2614
Type of isotherm linear favorable
Correlation coefficient R” 0.9957 0.9934
Henry parameters

Henry's adsorption constant K, L-mol, | 34.5889 -
Correlation coefficient R” 0.9951 —
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The maximum fractional occupancy f,..., attained
experimentally, was calculated from the definition of
fractional occupancy:*®

r
/i max — =
n

L
where 7, is the experimental maximum r value.

Binding parameters with correlation coefficients
(R?) were calculated from the Henry and Langmuir plots
(Fig. 8) and the values are also given in Table 4.

While the affinity constant value of the HM
hydrogel was found to be negative, this value of HM/ACR
hydrogel was both positive and very high. Therefore, it
can be said that; while the affinity of Hg*" to HM
hydrogel is quite low, the affinity of the Hg*" to HM/ACR
hydrogel is quite high.

The monolayer capacities (site-density) of HM and
HM/ACR hydrogel for Hg** were found to be 390.26 and
38.73 mmol Hg(Il)«(mol hydrogel)”, respectively. The
site-density of HM/ACR is precisely ten times greater
than that of HM.

The u values were calculated to be 2.56 and
25.82 mol hydrogel-(mol Hg(II))" for HM and HM/ACR
hydrogels, respectively. Thus, it can be said that one mole
of Hg" " is bound to 2.56 moles of the monomeric units of
the HM hydrogel, whereas one mole of Hg*" is bound to
25.82 moles of the monomeric units of the HM/ACR
hydrogel.

(15)

Considering the f,,., values, it has been observed
that the active binding sites of the HM/AAm hydrogel are
filled with mercury ions. In contrast, 9.35 % of the active
binding sites of the HM hydrogel are filled with mercury
ions. This result shows that at the end of the hydrogel-
mercury binding experiments, all of the active
bingling sites of the HM/ACR hydrogel are occupied by
Hg™"

The key features of the Langmuir isotherm are
given by a separation factor or equilibrium parameter (R,
dimensionless):*

1
T 1+K,C,

(16)

where K is the Langmuir constant, L-mmol”". The value
of R, indicates the shape of the isotherms to be either
unfavorable (R, > 1), linear (R, = 1), favorable (0 < R;< 1)
or irreversible (R, = 0).

The calculated R, values as different initial Hg®"
concentrations are shown in Fig. 9. R; values in the range
of 0—1 indicate that Hg”" are favorable for binding in the
HM/ACR hydrogel. Also, lower R, values at higher initial
Hg’" concentrations showed that the adsorption was more
favorable at higher concentrations. The degree of
favorability is generally related to the irreversibility of the
system, giving a qualitative assessment of the Hg®'—

Ry
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HM/ACR interactions. The degrees tended toward zero
(the completely ideal irreversible case) rather than unity
(which represents an entirely reversible case). On the
other hand, R, value of the Hg® ~HM hydrogel system
from 1 to 1.11 shows that the adsorption process is linear.
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Fig. 9. Plots of separation factor vs. initial Hg*"
concentration: HM (o); HM/ACR (e)

3.4.3. The effect of ACR ratio
and irradiation dose

Graphs of » versus ACR ratio and irradiation dose
are presented in Fig. 10. The binding of Hg®" onto HM
and HM/ACR hydrogels was increased with an increasing
ACR ratio in the hydrogel (Fig. 10a). This increase may
be due to the more significant interactions between
increasing amide groups and Hg*". The r value of
HM/ACR hydrogel is more than three times higher than
that of HM hydrogel.

The binding of Hg”" in both HM and HM/ACR
hydrogels was slightly reduced with the increasing
irradiation dose (Fig. 10b). As the irradiation dose incre-
ases during the production of hydrogels, the crosslinking
increases, and the pores to be formed become smaller.
Thus, it is difficult for prominent hydrated mercury(II)
ions [Hg(H,0)s" '] to enter and hold in small pores.

3.4.4. The influence of temperature
and adsorption thermodynamics

Since the temperature changes the binding ratio of
the adsorbent, the temperature effect is an essential
physico-chemical process parameter. The increase in the
binding ratio with the increasing temperature indicates an
endothermic process, and its decrease indicates an
exothermic process. In the endothermic process, the
mobility of ions and the number of active sites increase. In
the exothermic process, the adsorptive forces between the
ions and the active sites in the adsorbent weaken with the
increasing temperature.*®
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The r-T plot was drawn at temperatures in the
283-323 K range. (Fig. 11). While Hg"" binding was
increased linearly with the increasing temperature in
HM/ACR hydrogel, it decreased slowly in HM hydrogel
(Fig. 11). This result shows that the binding of Hg*" onto
the hydrogels is the chemisorption process in HM/ACR
and a physisorption process in HM.

The  thermodynamic  parameters  of  the
hydrogel-Hg*" sorption systems such as Gibbs free
energy change (AG), enthalpy (AH) and entropy (AS)
were calculated using the following equations:*’*

AG=-RTIn K (17)

where K- = C,/C 1is the distribution coefficient for
sorption at a temperature and determined as:

AH AS

IIIKC :—E‘F? (18)

The logarithmic distribution coefficient values
versus the inverse temperature values are plotted and pre-
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sented in Fig. 12. The values of AG, AH, and AS were
calculated using the slope and the intersection of the lines.

The values of AG were found as negative, and the
negative values confirm the feasibility of the process and
the spontaneous nature of Hg”" jons. The positive value of
AH shows the endothermic nature of the process. The
order of magnitude of the AH value and the fact that the
quantity adsorbed increased with a rise in the temperature
suggested that the adsorption was of a chemical type.
While the AH value of HM/ACR hydrogel (6.5 kJ-mol™)
was quite significant, the AH value of HM hydrogel
(0.2kJ mol") was close to zero. This shows that Hg*"
chemically binds to the HM/ACR hydrogel, and that it is
bound to HM hydrogels with very weak physical bonds.
The calculated positive AS values show the increased
randomness at the hydrogel/solution interface during the
sorption.
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Fig. 10. The effect of ACR content (a) and radiation dose (b)on the binding of Hg”" onto the hydrogels: HM (0); HM/ACR ()
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Fig. 11. The effect of temperature on the binding
of Hg™" onto the hydrogels: HM (o); HM/ACR (e)
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3.4.5. The effect of counter anions
in the mercury salts

To examine the influence of counter anions (i.e.,
CH;COO, NOs, S04, or CI” anions) in the mercury
salt solutions on the sorption of Hg*" onto hydrogels, the
binding ratio values were calculated and shown in Fig. 13
as a bar graph.

The binding ratio for counter ions in mercury(Il)
solutions are increased in the following order:

70

60 [
50 F
40
30 F

20
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Chloride Acetate

r / mmol ion (mol hydrogel)”

Nitrate Sulfate

anions of mercury(ll)

Fig 13. The influence of counter anions on mercury(Il) ion
uptake: HM (m); HM/ACR (0)

3.4.6. Selectivity test

Selective adsorption is of particular importance for
the separation of metal ions from solutions or wastewater.
Adsorption experiments for Hg*™ selectivity of hydrogels
were carried out in the presence of potentially
contaminating metal ions (Cu®’, Pb*", Zn*", and Cd*"). The
quintet mixture solutions containing foreign metal ions and
Hg”" were used, and the removal of mercury and
accompanying metal ions were investigated. The presence
of foreign cations did not affect the sorption of mercury on
HM and HM/ACR hydrogels, and the amount of Hg*" ion
absorbed remained almost at the same level (Fig. 14).

Since the contaminated metal ions studied do not
have adsorption on hydrogels, it is seen that HM and
HM/ACR hydrogels are highly selective and effective in
removing mercury(Il), at least in the presence of foreign
cations.

3.4.7. Recovery of mercury from the hydrogels

Since mercury-amide linkages are hydrolyzed after
treatment with strong acids, the use of strong acids is not
suitable for desorption of Hg*" absorbed. The use of hot
CH;COOH to avoid hydrolysis of amide groups is well

Dursun Saraydin et al.

Psulfate =~ Vacetate = Pnitrate = ¥ chloride

The binding ratio of HM/ACR hydrogels in this
order is 1.3-2.2 times higher than that of HM hydrogel.
Binding ratio values in salt containing chlorine ions are
3-8 times smaller than that of other counter ions. The
presence of chloride ions in the solution affects the
mercury sorption process. The high affinity of Hg*"
cations against the Cl anion is also well known in
chemistry.”'** Thus, mercury ions tightly bound to chlori-
de have the less affinity for hydrogels.
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Fig 14. The binding of metal cations onto the hydrogels:
HM (m); HM/ACR (0)

suited for desorption of absorbed Hg*". While there is no
hydrolysis reaction with hot CH;COOH, and due to the
volatility of hot CH;COOH, it does not cause side
reactions such as transamidation. Another essential advan-
tage of CH;COOH is that it is safe and environmentally
friendly in large—scale applications.*® In this study, it was
observed that 95 % of the absorbed Hg”" are desorbed for
one hour by the first treatment with hot CH;COOH.

4. Conclusions

In light of the results found, this study reveals that by
incorporating the acrylamide comonomer into 2-
hydroxyethyl methacrylate based polymers or hydrogels,
the ability of Hg®" ions to bind to these structures can be
greatly increased. Such polymeric sorbents seem very
promising due to their extremely high binding capacities,
ion selectivity, reusability, and the easiness of handling
with the safety of the environment.
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CEJIEKTUBHE BUJAJIEHHS PTYTI(II)
3 BUKOPUCTAHHSIM I'IPOT'EJIIB,
MPUTOTOBJIEHUX 3A JJOIIOMOTI'OIO
T'AMMA-BUITPOMIHIOBAHHSI

Anomauin. /[ns cenekmusnoeo euoanennss pmymi(ll) iz eu-
KOPUCMAHHAM GUNPOMIHIOBAHHST CUHME3YBAIU 2I0pO2eli 2-2I0POKCU-
emuwvmemarpuram (HM) ma  2-eiopoxcuemunmemaxpunam/akpui-
amio (HM/ACR). Ilpogedeno docniodcenns ciopozenie 8 npoyecax
Habyxanms, ouysii ma 36's3yeannsn. Bcmanosneno, wjo napamempu
nabyxannn ona cucmenu HM/ACR-Hg' e euwumu, Hixe Ons
cucmem HM-Hg®*. Busnaueno, wo 36'a3yéanus pmymi 8ioHOCUmbCs.
0o C-muny ons HM ma L-muny onsa ciopocenie HM/ACR. Iapa-
Mempu  368513V8aHHA  pO3PAX08Yy8aAU  3d  OONOMOZ0I0  Mooenell
Dpeuinonixa, Jlenemopa ma Ienpi. Jlocniosceno éniue KoHyeHm-
payii Hg2+, 003U BUNPOMIHIOBAHHS, BMICIY AKPUNAMIOY, MeMnepa-
mypu ma npomuiionie. Bcmanoeneno, wo 36'asyeamma ma Ha6y-
xannss HM 36inouyromecs i3 gkniovennsm akpunamioy. JJogeoeno,
wo eiopoeeni HM/ACR noznunaioms muwe Hg' i ne noznunaiome
TIOHU BADICKUX MEMATIB.

Knrouoei cnosa: pmyms, 2-ciopokcuemuimemakpuiam,
akpunamio, 2iopozeib, GUNPOMIHIOBANHSL, A0COPOYIsL.



