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Abstract

In the present study, we introduce the formation of Starch/PEG-poly (acrylic acid) hydrogel (St-PEG-AcAH) and nano-
composite of AgNPs-base St-PEG-AcAH (AgNPs-St-PEG-AcANCH) free radical method, and their characterization using
analytical techniques of FT-IR, TEM, SEM, EDX, AFM, XRD, TGA/DTG. The thermodynamic parameters and application
of prepared hydrogels was investigated for the removal of Hg>* ions in water and the various solvents such as ethanol-water
(30:70), ethanol-water (50:50), 2-propanol—water (40:60), respectively. The maximum adsorption capacity of Hg>" ions for
St-PEG-AcAH and AgNPs-St-PEG-AcANCH was achieved 158.21 mg/g and 182.53 mg/g in pH 7 and 6 in aqueous solu-
tions, respectively. On the other hand, the results of adsorption isotherms revealed that adsorption process for both adsorbents
occurred as a homogenous and monolayer process with L-shape isotherm. Furthermore, investigating the bioactivity of
bioadsorbents, the good antimicrobial efficiency of the prepared samples was confirmed on E. coli bacteria.
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Introduction

Even at trace levels, heavy metal ions are considered as a seri-
ous threat for both human beings and aquatic lives [1]. The
rapid development of industrial wastewater containing heavy
metal ions is known as a biohazard for human health and eco-
logical systems [2] due to the dangerous impacts on living
organisms, health, biodegradability, and accumulation. Among
the heavy metals, Hg has unusual chemical and physical prop-
erties, which can act as a neurological and renal poison and
easily pass the blood-brain barrier and affect the fetal brain
[3]. Even at low percentages, Hg can cause severe hazards due
to its strong diffusion into biological tissues. Numerous cases
of mercury poisoning or Minamata disease are reported in dif-
ferent countries around the world for consumption of fish and
shellfish living in polluted waters [4]. Therefore, it necessities
the removal of these heavy metal ions from the waste waters
before drainage. In the last few years, heavy metals have been
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removed from aqueous media using many methods such as
chemical precipitation, reverse osmosis, solvent extraction,
ultrafiltration, ion exchange, electrochemical treatment, nano-
filtration, coagulation and adsorption [5]. These techniques
have a certain effect on the treatment of heavy metal ions.
However, there is less report on the pollution treatment tech-
nology with the complete removal of heavy metals, low-energy
requirements, availability of non-toxic sludge, high efficiency,
normal operating conditions, and simple and economical dis-
posal [6]. The majority of these advantages may have been
reached using the adsorptive processes because of the simple
and stable handling, high efficient treatment, the absence of
secondary pollution and low operating cost [1]. Adsorption
approach has been universally accepted as one of the most
commonly applied technique for the removal of heavy metal
ions and seems to pose a great impact on transport, toxicity
and biological availability of trace amounts of heavy metals in
aqueous media. Besides, it is easy to operate and cost effective
[7]. From a practical point of view, however, many limitations
have remained in the field of wastewater treatment. For exam-
ple, the difficulty of separation and the issue of recyclabil-
ity of bioadsorbents which make their industrial applications
expensive [8]. In this respect, several efficient bioadsorbents
have been used for wastewater treatment with high qual-
ity of adsorptive interactions and effective removal of target
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contaminants from wastewater effluents [9]. Mineral, organic
or biological origins are more prospects for these bioadsor-
bents- e.g., activated carbons, zeolites, clay minerals, indus-
trial by-products, agricultural waste, biomass, and polymeric
materials [10]. One of the typical fascinating and versatile soft
material with wide potential applications in the adsorption of
heavy metals is a polymeric material, such as hydrogels. The
network structure of hydrogels has attracted considerable
attention due to their high water retention, tunable mechanical
properties, self-degradation, and environmental applications
[11], which has large application potential in the environment.
Many researchers have been tried to prepare hydrogels with
superior adsorption properties such as magnetic responsive
composite based on AMPS for the removal of metal ions with
high level of toxicities (Fe(II), Pb(II), Cu(Il), Cd(II), Co(II),
Ni(II), and Cr(IIl)) in aqueous environments [12] and selec-
tive removal of Hg?" ions using a chitosan—poly (vinyl alco-
hol) hydrogel (CTS-PVA) [13]. Nanocomposite (NC) gels
are considered due to their improved properties, for instance,
the extraordinary mechanical property of organic—inorganic
hybrid networks of nanocomposite gels [14]. Nano dispersions
of metal nanoparticles are used to prepare nanocomposites
due to their special properties such as the large surface area
to volume ratio and multiple applications. In fact, incorpora-
tion of silver nanoparticles (AgNPs) into the hydrogels has
developed both mechanical properties and chemical stability
of hydrogels, as well as increasing the adsorption capacity.
In addition, due to the antimicrobial properties of AgNPs,
biocompatible polymers containing AgNPs have proven to
be promising candidates for the biomedical area due to their
superior antibacterial properties [15] beside their great ability
in metal ions adsorption [16]. On the basis of these premises,
we aimed to formulate a biocompatible nanocomposite hydro-
gel as bioadsorbent for metal ion removal in water and the
various solvents such as ethanol-water (30:70), ethanol-water
(50:50), methanol-water (40:60), respectively. In this work, we
proposed a method to synthesize the novel starch-based/PEG-
AcA hydrogel (St-PEG-AcAH) and novel AgNPs-starch/PEG-
AcA nanocomposite hydrogel (AgNPs-St-PEG-AcANCH). To
the best of our knowledge, there has no such reported on the
synthesis of a novel nanocomposite hydrogel based on starch,
poly ethylene glycol, acrylic acid and AgNPs for simultaneous
investigation of antimicrobial activities and removal of metal
ions from contaminated water solutions.

Materials and Methods
Materials
Soluble starch (M =342.30) and poly ethylene glycol (PEG

4000, average molwt 1450 and d=1.0919 g/mL at 60 °C)
were purchased from Sigma-Aldrich. Acrylic acid (AcA;

M=72.06 g/mol, d=1.06 g/cm®) and ammonium per-
sulfate (APS) were purchased from Fluka and used after
vacuum distillation. N, N-methylene bis acrylamide (MBA)
and mercury (II) nitrate were purchased from Merck and
used as received. Nano silver liquid (20 nm, 99%) was pur-
chased from Mehregan Chemistry company. Escherichia
coli (ATCC-25922) strain was kindly donated by microbi-
ology laboratory of Islamic Azad University, Tehran, Iran.
All other chemicals used were of analytical grade and were
used as received without further purification.

Synthesis of Starch-Based/PEG-AcA Hydrogel
and AgNPs-Starch/PEG-AcAnanocomposite
Hydrogel

Briefly, starch (0.5 g) was solved in warm water at 80 °C.
After 15 min, MBA (0.05 g) was dissolved in water (5 mL)
and added to the aqueous solution with continuous mechani-
cal stirring (300 rpm) until a homogeneous viscous mixture
was obtained. The reaction temperature was controlled at
65 °C under an argon atmosphere, then a certain amount of
70% neutralized AcA (6 mL), and PEG (0.24 g) was added
to the reaction mixture. At the next step, a definite amount
of APS solution (0.08 g) was added into the mixture and
was stirred for 10 min until the hydrogel was produced. For
the synthesis of AgNPs-St-PEG-AcANCH, the as-prepared
AgNPs colloidal solutions (100400 ppm) were mixed with
the above homogeneous solution and allowed until the reac-
tion was completed within 10 min. Then, after cooling to
room temperature, the reaction was neutralized with a cer-
tain amount of alkaline solution. Afterward, the reaction
mixture was left over night in ethanol (200 mL). In the last
step, the samples were filtered and dried at 50 °C. Also,
the viscosity of synthesized AgNPs-St-PEG-AcANCH was
determined using HVU 481viscometer (Herzog Contracting
Corp-Germany Model) about 2.45 cP at 20 °C in order to
investigate the size distribution of AgNPs.

Characterizations

The morphology characteristics of synthesized samples were
evaluated using field emission scanning electron micros-
copy (SEM, Hitachi S-4800). The thermo gravimetric analy-
sis (TGA) was measured under a nitrogen atmosphere with
a TG/DTA7300 from room temperature to 700 °C with the
heating rate of 10 °C/min. The functional groups of samples
were detected using FT-IR American Nicolet 5700 spectro-
photometer. The crystal phases of the samples were analyzed
using X-ray diffractometer (XRD, M21X, MAC Science Ltd.,
Japan) with Cu-Ka radiation. UV-Vis diffuse reflectance
spectra (DRS) were recorded on a UV-Vis spectrophotometer
(Cary 300, USA) with an integrating sphere. The chemistry of
the surface of bioadsorbents was also determined using X-ray
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photoelectron spectroscopy (XPS, K-Alpha 1063, Thermo
Fisher Scientific, and England).

Adsorption Measurements

The Hg?* removal capacity of St-PEG-AcAH and AgNPs-St-
PEG-AcANCH from aqueous solutions was determined using
a batch process with nitrate salts of Hg>*. The batch experi-
ments were applied for determining the adsorption of Hg>*
metal ions using shaking the flasks at 300 rpm for a constant
period of time with a beaker shaker. St-PEG-AcAH (0.15 g)
and AgNPs-St-PEG-AcANC (0.1 g) were thoroughly mixed
with the analytical grade Hg(NO3), (200 ppm). After 60 min,
the precipitates were removed by centrifuging. The centrifuge
tubes were placed in an incubator shaker (QYC2112, Fuma,
Shanghai, China) at the desired temperature and fixed rotating
speed of 600 rpm for 1 h. Then, the initial and final concentra-
tions of Hg>solution were monitored on an atomic absorption
spectrophotometer (Z-2000, Hitachi, Japan). This procedure
was repeated three times, and the average percentage values
of extracted Hg** metal ions were calculated using Egs. 1 and
2 [17]:

C,-C,
qezwxv 1)
m

(G -C.)

0

%R = x 100 2)

where the amount of Hg?* (mg/g) adsorbed at equilibrium
is defined by q.. C, and C, are the initial and equilibrium
concentrations of Hg* (ppm), respectively. The mass of bio-
adsorbents (g) and the volume of the metal ion solution (L)
are specified respectively by m and V.

Antibacterial Measurements

The potential of prepared hydrogel samples in the field of
antibacterial properties was examined using agar diffusion
method against a gram-negative E. coli.as a model bacterium.
In this method, the bacteria cultures were grown onto nutrient
agar plates after sterilized by autoclaving for 1.5 h at 100 °C.
Then, both hydrogel and nanocomposite hydrogel (0.1 g) was
suspended in distilled water after sonication and loaded onto
above nutrient agar plates. Incubation of the inoculated plates
was done at 38 °C for 38 h, then, the diameters (mm) of the
inhibition zones were determined in three directions, and the
average was calculated.
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Results and Discussion

Polymerization Procedure of St-PEG-AcAH
and AgNPs-St-PEG-AcANCH

Free radical polymerization involved for stabilization of
nanoparticles [18] has been used for the preparation of
both bioadsorbents.The copolymerization started at 65 °C
in a constant-temperature bath when APS was decom-
posed to make radical initiator by abstracting hydrogen
from functional groups such as COOH, OH in a side chain
of polymer. Random free radical polymerization of AcA
and PEG monomers onto starch by sequential crosslinking
method accomplished according to Table 1.

In fact, heating leads to the decomposition of APS
as the thermal initiator and preparation of sulfate anion
radical. Abstraction of hydrogen from one of the existing
hydroxyl groups in starch and PEG backbone is occurred
to form the corresponding macro-initiator on the substrate.
The redox pairs systems, i.e. (starch- or PEG-APS) lead to
copolymers initiated by radically active centers capable of
initiated polymerization of AcA monomers. Subsequently,
the presence of crosslinker (MBA) in the reaction mixture
prepared a crosslinked structure as shown in Scheme 1.

Characterization of St-PEG-AcAH
and AgNPs-St-PEG-AcANCH

FTIR Analysis

FTIR spectroscopy was employed to confirm the chemi-
cal structure of pure starch and the prepared bioadsor-
bents. Figure 1 showed the FTIR spectra of the prepared
St-PEG-AcAH and AgNPs-St-PEG-AcANCHsam-
ples, respectively. As can be seen, the broad band at
3000-3600 cm™" was related to the stretching vibration of
OH groups on both starch and PEG polymers. The skeletal
mode vibration of the glycoside linkage is illustrated at
900-950 cm™!. In the spectrum of St-PEG-AcAH bioad-
sorbent, the new characteristic absorption peaks at 1621
and 1766 cm™! were assigned to stretching of carboxam-
ide and carbonyl groups in crosslinker and acrylic acid
monomers, respectively. Meanwhile, in this graph, two
other characteristics peaks of carboxylate ion were clearly
visible for St-PEG-AcAH [19]. The first peak is at about
1403 cm™', assigned to the symmetric stretching mode of
the carboxylate ion, while the second peak is at 1580 cm™!
due to the asymmetric stretching mode of COO™ groups.
These results suggested that the grafted acrylic acid mono-
mers were a presence in two forms of non-ionized (COOH)
and ionized (COO™) onto the polymer backbone [20]. The
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peak around 2962 cm~! and 1472 cm™! are also related to
the CH stretching and bending mode. On the other hand,
the FTIR spectrum of the nanocomposite hydrogel showed
the same peaks but with a little shifting (Fig. 1). In other
words, the characteristic features of the spectrum of the
prepared nanocomposite were almost similar to those of
the spectrum of the hydrogel but with this different that
the several changing was happened. These changing con-
tain the shifts in basic peaks position from 3465 cm™! to
3455 cm™! related to NH or OH groups, and 1766 cm™!
to 1746 cm™! related to carboxylate groups where indi-
cating the chelating O and N atoms of carboxylate and
—NH, groups of AgNPs-St-PEG-AcANCH with Ag to
form an interpenetrating network. However, the IR results
indicated that no additional peak was formed in the FI-IR
spectrum of the prepared nanocomposite, and this suggest-
ing the interaction of AgNPs with hydrogel networks with-
out any chemical bonding formation [21].Therefore, we
suggest that AgNPs are included in free-network spaces of
hydrogels or anchored on the surface of hydrogels. How-
ever, from these finding preliminarily can be induced that
the AgNPs-St-PEG-AcANCH nanocomposite had been
synthesized.

Neutralization

70%
70%

MBA (mol L)

0.006
0.006

AgNPs (ppm)
400

SEM, EDX, TEM and AFM Techniques

AcA
(mol L™

1.2
2

SEM, EDX, AFM and TEM techniques have been used
to evaluate the incorporation of AgNPs into the St-PEG-
AcAH matrix; the morphology and topography both of
bioadsorbents and the results are showed in Fig. 2a—c.
In Fig. 2a, it was clearly indicated that both of bioadsor-
bents had porosity structures, while the surface morphol-
ogy of AgNPs-St-PEG-AcANCH was rougher than St-
PEG-AcAH. In Fig. 2a, the presences of elements were
illustrated in both bioadsorbents. The figure showed the
elemental composition of bioadsorbents; it was calculated
that AgNPs-St-PEG-AcANCH contained about 58.69% of
carbon, 18.19% of oxygen, 17.68% of nitrogen, 5.02% of
sodium, and 0.42% of silver. The results confirmed the
deposition of Ag nanoparticles in the nanocomposite
hydrogel matrix. In Fig. 2b, AFM images were depicted
the surface morphology of the bioadsorbents. Comparing
the 2D and 3D images in Fig. 2b, the surface morphol-
ogy for St-PEG-AcAH was shown to be a smooth while
for AgNPs-St-PEG-AcANCH nanocomposite was a rough
surface with clustered features. The morphology, shape,
and distribution of AgNPs size were determined by ana-
lyzing the TEM images of the nanocomposite hydrogel.
The images of TEM was shown in Fig. 2¢ and confirmed
a highly uniform distribution of the spherical AgNPs with
the average of size particles ranges between 40-50 nm
inside the nanocomposite hydrogel.

(mol L™

APS
0.030
0.030

PEG (w/w)

1.5
1.5

Starch (w/w)

Table 1 Optimum contents and conditions in the synthesis of St-PEG-AcAH and AgNPs-St-PEG-AcANCH
4
4

St-PEG-AcAH
AgNPs-St-PEG-
AcANCH
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Fig.2 The SEM images, EDX spectra of both prepared samples (a), The 2D and 3D AFM images of St-PEG-AcAH and AgNPs-St-PEG-

AcANCH (b) and TEM images of the nanocomposite (c)

XRD Analysis

Analyzing the structure of both bioadsorbents using
X-ray diffraction was illustrated in Fig. 3a. As shown in
the XRD patterns, St-PEG-AcAH had no characteristics
peaks, which confirmed its amorphous nature. In contrast,
AgNPs-St-PEG-AcANCH exhibited relative sharp peaks
at 20=157.1°, 67.2° and 102.34° which were assigned
to planes of the silver structure. In addition, the slight

difference between XRD patterns of the nanocomposite
and AgNPs can be concluded that the AgNPs into nano-
composite matrix were well crystallized. Furthermore, no
peaks related to the impurities were observed in XRD pat-
terns. The average particle size of the trapped AgNPs into
the AgNPs-St-PEG-AcANCH Based on Debye-Scherer
equation was found about 45 nm with the good agreement
with the results of AFM and TEM analysis [22].
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Fig.3 The XRD patterns of Ag nanoparticles compared with St-PEG-AcAH and AgNPs-St-PEG-AcANCH (a), TGA and DTG profiles of St-

PEG-AcAH and AgNPs-St-PEG-AcANCH (b)

TGA/DTG Analysis

Figure 3b represented the TGA/DTG analysis of both pre-
pared bioadsorbents. Two steps of decomposition were seen
for St-PEG-AcAH. The first weight loss at 150-250 °C
was due to evaporation of adsorbed water and the second
rapid weight loss was due to the thermal degradation of the
organic content of St-PEG-AcAH structure in the range
400-500 °C. Similar decomposition steps were also seen
for AgNPs-St-PEG-AcANCH. In addition, the total weight
loss of AgNPs-St-PEG-AcANCH and St-PEG-AcAH was
about 66% and 81% at 800 °C, respectively. According to
these results and values of nanocomposite compared to
St-PEG-AcAH such as 195.91 °C which was higher com-
pared to that of the hydrogel, the higher thermal stability of
AgNPs-St-PEG-AcANCH was concluded. The presence of
silver nanoparticles might be the reason for this high thermal
stability in the nanocomposite matrix [23].

Investigation of Effective Parameters onto Removal
of Hg?* lons

Effect of Bioadsorbent Mass

Reaching the maximum Hg?* removals, determining the
optimal bioadsorbent mass loaded would be one of the
important steps. Therefore, the range of 0.01-0.4 g was
examined at 298 K and Hg?" concentration of 200 ppm at
equilibrium time 1 h to find the effects of amount bioadsor-
bents for removal of Hg2+ ions (Fig. 4a). It is observed that
the increasing of the number of bioadsorbents resulted in
an increase of Hg?* percentage removals, with a maximum
of 96.32% and 90.43% for AgNPs-St-PEG-AcANCH and

@ Springer

St-PEG-AcAH, respectively; however, the adsorption capac-
ity of both bioadsorbents was decreased. It could be con-
cluded that at the lower level of bioadsorbent content in the
reaction mixture, there were more available active sites for
trapping the metal ions, so the adsorption capacity for Hg>*
ions removal increased. At higher levels, the system reached
equilibrium at lower concentrations of adsorbed metal ions
indicating that the number of unsaturated active sites onto
both bioadsorbents decreased [24, 25].

Effect of pH Solution

The effect of pH on the adsorption of Hg?* ions at equilib-
rium time 1 h was investigated for both bioadsorbents, St-
PEG-AcAH and AgNPs-St-PEG-AcANCH and the results
are shown in Fig. 4b. To confirm the effectiveness of pH,
adsorption of Hg?" ions was performed in a 60-minute
experiment while changing the initial pH of Hg solution
from pH 2 to 9. It was considered that the good uptake of
Hg”" in the pH range of 5-7 was determined as a function of
hydrogen ion concentration. At lower pH values, hydrogen
ions are likely to compete with Hg?" ions, and at higher
pH values, Hg?>" ions were precipitated. The adsorption
was maximized at pH 6. In general, the dependence of the
adsorption to pH was indicated [26].

Effect of Hg* Concentration

The effect of the initial concentration of Hg*? ions was
evaluated in the range of 50-300 ppm at 298 K and at equi-
librium time 1 h for St-PEG-AcAH and AgNPs-St-PEG-
AcANCH. As illustrated in Fig. 4c, increasing the initial
Hg?* ions concentration from 50 to 300 ppm decreased
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the percentage removal ability of both bioadsorbent while
increased the adsorption capacity. Further increasing Hg**
ions concentration leads to the constant adsorption of Hg?",
which means more occupation or saturation in the active
surface sites of bioadsorbents.

Effect of Solvents

In this section of our experiment, the swelling changes and
thereinafter adsorption capacity of the optimized hydrogel
and nanocomposite for trapping Hg>* ionswere examined
in mixtures of water and hydrophilic solvents such as etha-
nol-water (30:70), ethanol-water (50:50), methanol-water
(40:60). As shown in Table 2, with adding organic solvents
to water, the swollen hydrogels shrink and ultimately adsorp-
tion capacity decreased gradually so that, swelling-loss for
ethanol-H,O (30:70), and ethanol-H,O (50:50), and meth-
anol-H,0 (40:60), were 35, 43 and 41% for hydrogel, and
32, 46 and 39% for nanocomposite hydrogel, respectively,
whereas the shrinkage of adsorption capacity in aforemen-
tioned solvents were 14, 30 and 21% for hydrogel, and 6,
35 and 24% for nanocomposite hydrogel, respectively. The
reason of this shrinkage can be attributed to widely restric-
tion of anionic groups onto polymer matrix in organic sol-
vent—water systems because the organic solvent molecules
cannot solvate the anionic groups. As a consequence, the
swelling capacities and adsorption capacity of samples are
considerably decreased. However, this swelling loss can be
proportionate with 9,..,—0.,;, Where this phrase is definite
as the solubility parameter variations of the solvent—water
mixtures [27]. In above equation, the solubility parameter
for solvent—water mixtures (8,,,,) can be calculated using
the Eq. 3.

mix

Omix = 61Q1 + 6,D, 3)

where @, and ®, are the volume fraction, and 9, and 9,
are the solubility parameters of the two solvents. Accord-
ing to the obtained results in Table 2, it can be seen that the
maximum swelling capacity of the hydrogel and nanocom-
posite was obtained in water with the solubility parameter

Table 2 The solvent—water

. . Adsorbents Solvent O mix Swelling-loss  Adsorption
concentrations and swelling-loss %) capacity (mg
percentage of St-PEG-AcAH )
and AgNPs-St-PEG-AcANCH

St-PEG-AcAH H,O/EtOH (70/30) 20.19 35 136.34
H,O/EtOH (50/50) 18.05 43 110.20
H,0/MeOH (60/40) 19.84 41 123.79
AgNPs-St-PEG-AcANCH H,O/EtOH (70/30) 20.19 32 170.84
H,O/EtOH (50/50) 18.05 46 119.12
H,0/MeOH (60/40) 19.84 39 137.53

Symbols & [(cal/cm3)!?] for ethanol and methanol solvents is 12.7 and 14.5, respectively
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of 23.4 (cal/cm3)2. On the other hand, with increasing of
Onix Values toward 23.4, the hydrogel can be highly swollen
as in pure water. In other words, the swelling capacity of the
hydrogel in the solvent water mixture will be close to that in
pure water if 8,,..,—Onix =0 [28].

The similar results have been observed in the hydrogel/
water—solvent systems based on poly (acrylic acid)-attapulgite
superabsorbent composites [29].

Investigation Of Thermodynamic Parameters

The effect of temperature on Hg”" ions removal was car-
ried out in the various solvents such as water, ethanol-water
(30:70), ethanol—water (50:50), 2-propanol-water (40:60) and
at three different temperatures 288 K, 298 K, and 308 K. The
results are shown in Table 3. The thermodynamic parameters
such as Gibb’s free energy change (AG®, kJ/mol), enthalpy
change (AH®, kJ/mol), and entropy changes (AS°®, J/K mol)
were estimated according to Egs. 4 and 5:

AG" = —RTInK, 4)

A A8

Ink. = +
M= "2 "R

&)

where R is the gas constant (8.314 J/mol K), Kc=Cg /Cq,
is adsorption affinity, Cy, is the equilibrium concentration
of the sorbed Hg>* ions (ppm) and C s 1s the equilibrium
concentration of the metal ions in the solution (ppm)and
T is the temperature (K). The enthalpy change (AH®) and
entropy change (AS°) were also calculated from the slope
and intercepted of InK_ versus 1/T, respectively.

The more negative amounts of AG® for both bioadsor-
bents were seen at all investigated temperatures when water
was selected as a solvent (Table 3). In addition, increas-
ing the temperature from 288 to 308 K showed more effec-
tive sorption of Hg?* ions on both of bioadsorbents at the
highest temperature. On the other hand, by comparing AG®°
of St-PEG-AcAH (—2.568 kJ mol~!) and AgNPs-St-PEG-
AcANCH (—4.554 kJ mol™!) can be found that kinetic
of adsorption process for AgNPs-St-PEG-AcANCH was
quicker than that of St-PEG-AcAH.

Table 3 Thermodynamic parameters of Hg>* ions removal using St-PEG-AcAH and AgNPs-St-PEG-AcANCH

Adsorbents Solvents Temperature Thermodynamic parameters
(9]
St-PEG-AcAH H,0 K, AG (kJ mol™) AH (kJ mol™!) AS (J mol"' K™
AgNPs-St-PEG-AcAH 288 2.922 —2.568 18.944 74.623
- 299 3.763 —3.284
AcA 308 4.882 ~4.062
H,O/EtOH (70/30) 288 1.778 —-1.378 18.271 69.634
299 2.125 —1.868
308 2.921 —2.746
H,O/EtOH (50/50) 288 1.020 —0.047 6.714 24.153
299 1.083 —0.198
308 1.197 —0.462
H,0/MeOH (60/40) 288 1.223 —0.480 14.124 51.445
299 1.597 —1.160
308 1.857 —1.586
H,0 288 6.692 —4.554 42.447 162.621
299 10.112 —5.735
308 21.223 —17.826
H,0O/EtOH (70/30) 288 2.846 —2.894 38.621 144.148
299 4.003 —4.398
308 5.557 -5.774
H,0O/EtOH (50/50) 288 1.083 -0.191 21.531 75.396
299 1.469 -0.953
308 1.941 —1.699
H,0/MeOH (60/40) 288 1.500 -0.971 33.852 120.577
299 2.174 —-1.925
308 3.761 —3.39%4
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Adsorption Isotherm

Adsorption isotherms were utilized to explain the adsorption
data by linear Langmuir and Freundlich isotherms. In these
isotherms, the metal uptake per unit weight of the bioad-
sorbent q, was related to the equilibrium concentration of
adsorbate in the bulk fluid phase C,. Purposing the design
of sorption mechanism of Hg?* ions onto both of bioadsor-
bents, the adsorption isotherms were used. Two classical
adsorption models, i.e., Langmuir and Freundlich isotherms
were studied to find the best isotherm model that would well
fit with the experimental results obtained from the consid-
ered system. The Langmuir model describes saturated mon-
olayer adsorption of solute molecules on a homogeneous
site without any interaction between adsorbed ions. Unlike
the Langmuir model, the Freundlich model describes the
adsorption on heterogeneous surfaces with the interaction
between adsorbed molecules [25]. The linear form of Lang-
muir and Freundlich isotherms are shown in Egs. 6 and 7,
respectively.

i/ 9.~ ¥t (gub) * . D (©)

logq, = logK + (1/n> log C, %)

C, is the equilibrium concentration of Hg®* metal ions
in aqueous solution (ppm), q. and q,, are the equilibrium

Table 4 Summary of isotherm parameters for the adsorption of mer-
cury on St-PEG-AcAH and AgNPs-St-PEG-AcANCH

Isotherm model Tempera- Parameter St-PEG-AcAH  AgNPs-

ture (K) St-PEG-
AcANCH
Langmuir I 188.679 263.157
288 b 0.062 0.065
R? 0.997 0.983
A 185.185 243.902
298 b 0.121 0.162
R? 0.994 0.993
A 181.818 232.558
308 b 0.227 0.335
R? 0.999 0.985
Freundlich KF 0.420 0.318
288 n 2.823 2.207
R? 0.979 0.963
KF 0.390 0.244
298 n 2.669 1.831
R? 0.975 0.955
KF 0.272 0.175
308 n 2.082 1.523
R? 0.932 0.947

adsorption capacity and maximum adsorption capacity of
the bioadsorbent (mg g '), respectively, and b is the Lang-
muir adsorption constant (L mg™'). K and 1/n are Freun-
dlich constants related to the sorption intensity and adsorp-
tion capacity, respectively. According to the correlation
coefficient in Table 4, R2 values in Langmuir are the higher
value (closed to unit) compared with Freundlich model for
both adsorbents. So, the adsorption of Hg?* metal ions on
both of bioadsorbents fitted well to the Langmuir model.
In this model, however, as aforementioned can be said that
adsorption of Hg>* ions was occurred on homogeneous sur-
face of bisorbents as well as monolayer sorption. In other
words, in this model only interaction between the adsorbate
molecules and adsorbent is considered. The similar results
had been reported by Senem Karahan et al. [30] and Dursun
Saraydin et al. [31]. It can be also noted that the values of
the "n" for both of the prepared adsorbents was biger than
unit and these values were between 1.523 and 2.823 at three
studied temperatures (see Table 4). Furethermore, according
to the Giles classification, S, L, and C type isotherms, these
high values of "n" (n> 1 for both bioadsorbent) suggesting
L type isotherm and indicating the physic-sorption process.
It is noticeable that the presented "n" values by the Giles
classification as following as: n< 1 correspond to S shape,
n=1to C type, and n> 1 to L type [32].

In fact, in L-shape type with increasing concentration of
solute (Hg>* ions) and prolonging the contact time, adsorp-
tion capacity for both adsorbents increased sharply and that
eventually slowed down gradually to reach equilibrium as
it can be seen from Fig. 4c. It believed that with further
passes of time, because saturation of the adsorption sites on
the surface of the adsorbents remained vacant sites become
more difficult to find with the progressive covering of the
surface [33]. Therefore, based on the above results, it can be
concluded that adsorption of Hg?* ions by both biosorbents
was as monolayer sorption and physically.

Evaluation of Antibacterial Activity

The antimicrobial effect (in vitro) of bioadsorbent was inves-
tigated by comparing the diameter of the growth inhibition
zones of E. coli. As can be seen from Fig. 5, both AgNPs-St-
PEG-AcANCH and St-PEG-AcAH showed the antibacterial
effect on the bacteria, E. coli, after 24 h of incubation at
37 °C. So that, paper discs soaked for St-PEG-AcAH with
two different concentration exhibited inhibition zone values
of 3.83 mm (for 1.5 ppm) and 5.70 mm (for 3 ppm) against
E. coli. Similarly, according to the figure, AgNPs-St-PEG-
AcANCH exhibited inhibition zone values of 10.56 mm (for
1.5 ppm), and 13.32 mm (for 3 ppm) against E. coli with
the same concentrations. In this study, the results obtained
that the AgNPs-St-PEG-AcANCH showed further potential
antibacterial activity than the St-PEG-AcAH under similar
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Fig.5 Antibacterial activities of
St-PEG-AcAH and NPAg-AcA-
NCH against E. coli

test conditions. This could be related to the smaller size
of AgNPs and the presence of a more porous structure of
nanocomposite hydrogel which during the swelling process
released the silver nanoparticles efficiently into the media
and leaded to its interaction with the lipid layer of the bac-
terial cell membrane [34]. Since gram-negative E. colihas
a thin lipid layer of the cell wall may lead to a facilitate
penetration of released silver nanoparticles into the bacterial
cell membrane [35]. The released AgNPs can then destroy
with the lipid layer of the cell membrane.

Conclusion

In short, St-PEG-AcAH and AgNPs-St-PEG-AcANCH was
synthesized through free radical copolymerization in aque-
ous solution. Including Ag nanoparticles inside the St-PEG-
AcAH was confirmed by multiple shifts in peak location of
FTIR spectra of some functional groups such as carboxylic
or carboxylate. The results of TGA showed the enhanced
thermal stability of AgNPs-St-PEG-AcANCH in compari-
son with St-PEG-AcAH. XRD, AFM, and TEM techniques
were also confirmed the presence of AgNPs and average
particle size of 45 nm. The swelling changes and thereinafter
adsorption capacity of the optimized hydrogel and nano-
composite were examined in water, ethanol-water (30:70),
ethanol-water (50:50), methanol-water (40:60), respectively.
Reaching the maximum Hg?* removals, determining the
optimal bioadsorbent mass loaded 96.32% and 90.43% for
AgNPs-St-PEG-AcANCH and St-PEG-AcAH, were per-
formed in water solvent, respectively. The effect of pH on the
adsorption of Hg** ions was investigated, and the maximum
adsorption was observed at pH 7 for St-PEG-AcAH and 6 for
AgNPs-St-PEG-AcANCH. The effect of initial concentration
of Hg>" ions were also evaluated in the range of 50-300 ppm
at 298 K for St-PEG-AcAH and AgNPs-St-PEG-AcANCH,

@ Springer

St-PEG-AcAH

AgNPs-St-PEG-AcANCH

and it was found that increasing the initial Hg>" ions concen-
tration from 50-300 ppm decreased the percentage removal
ability of both bioadsorbents. The effect of temperature on
Hg?* ions removal was carried out at three different tem-
peratures, i.e., 288 K, 298 K, and 308 K, which showed more
effective sorption of Hg?* ions on both of bioadsorbents at
the highest temperature. Adsorption isotherms were utilized
to explain the adsorption data by linear Langmuir and Fre-
undlich isotherms. Based on the correlation coefficient, the
adsorption trend of Hg?* metal ions using both bioadsorbent
followed by Langmuir model. On the other hand, based on
the diffusion exponents (n”1) and according to Giles clas-
sification system, L type sorption was found for both adsor-
bents. In addition, the results for antiracial activity of pre-
pared hydrogels confirmed that AgNPs-St-PEG-AcANCH
showed further potential antibacterial activity than St-PEG-
AcAH under similar test conditions. This could be related
to the smaller size of AgNPs and more porous structure of
nanocomposite hydrogel leaded to its better interaction with
the lipid layer of the bacterial cell membrane.
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