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Synthesis of hydrogel nanocomposites and their
application in removing dyes and impurities
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Abstract: Polyacrylate hydrogels containing starch, ZnSe and Fe,O, nanoparticles were obtained. The
polymerization process was carried out in an ultrasonic field. The structure (SEM, FTIR, XRD), swelling
properties and the ability of hydrogels to adsorb dyes (methylene blue, methyl orange, methyl red and
Eriochrome Black T) and heavy metals (Cu*) from wastewater were investigated. Hydrogels containing
AgCl nanoparticles were also obtained, which, due to their antibacterial properties, can be potentially
used in medicine.
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Synteza nanokompozytéw hydrozelowych i ich zastosowanie do usuwania
barwnikow i zanieczyszczen

Streszczenie: Otrzymano hydrozele poliakrylanowe zawierajace nanoczastki skrobi, ZnSe i Fe,O,.
Proces polimeryzacji prowadzono w polu ultradzwigkowym. Zbadano strukture (SEM, FTIR, XRD),
wiasciwosci peczniejace oraz zdolnos¢ hydrozeli do adsorpcji barwnikéw (blekit metylenowy, oranz
metylowy, czerwien metylowa i czern eriochromowa T) oraz metali ciezkich (Cu*) ze Sciekow. Otrzy-
mano réwniez hydrozele zawierajace nanoczastki AgCl, ktére ze wzgledu na wilasciwosci antybakteryj-
ne moga znalez¢ potencjale zastosowanie w medycynie.

Stowa kluczowe: hydrozele akrylowe, nanokompozyty, sonifikacja, adsorpcja metali cigzkich i barw-

nikow.

Hydrogels have a wide range of applications in vari-
ous fields i.e.,, medicine, pharmaceuticals, agriculture,
wastewater treatment, manufacturing of technical and
electronic units, and as absorbents for pollutant removal
in environmental applications [1]. The most outstand-
ing characteristics of these compounds are their biocom-
patibility, biodegradability, convenient operation, high
yield, simplicity of synthesis, ease of use, abundance of
primary materials and availability of functional groups
[2, 3]. Hydrogels are three-dimensional polymer net-
works having high absorption capacity of water or bio-
logical fluids. These compounds can absorb water even
more than 1000 times their mass. The ability of hydro-
gels to absorb water comes from the hydrophilic func-
tional groups in the polymer chains, including carboxyl
-COOH, amino -NH,, hydroxy —~OH, sulfonic -SO,H,
and amide ~-CONH groups, while their resistance to dis-
solution is due to the cross-links between the network
chains [4]. In the last two decades, synthetic hydro-
gels have gradually replaced natural hydrogels due to
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their long-life, high absorption capacity, and high gel
strength. Removal of the solvent from the pores during
drying generates capillary forces that lead to the concen-
tration of the gel network. Xerogel is obtained by drying
and is in the form of a powder. Sometimes such a gel
powder has superior properties in terms of both swelling
and reactivity to the absorbed materials but is difficult
to prepare. The hydrogel filters and super porous filters
can be used to absorb heavy metal pollution, synthetic
dyes, petroleum substances and industrial oil wastes.
Hydrogel nanocomposites have the highest swelling in
pure water and the lowest swelling under pressurized
conditions [5, 6].

Silver chloride (AgCl) is a white crystalline solid that
is famous for its low solubility in water. It occurs in the
nature as the mineral - chlorargyrite. When exposed to
sunlight or heating, AgCl decomposes into chlorine gas
and metallic silver, which gives the substance a dark color.
The unit cell of silver chloride crystals is cube-shaped
(FCC) in which each Ag*ion is surrounded by an octahe-
dron with six chloride ligands. Silver nanoparticles may
contain silver oxide [7]. Nowadays, strong antibacterial
activity is the main direction of nanosilver expansion in
the field of health. Silver nitrate is usually used in the
production of silver nanoparticles. When the nanoparti-
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cles are formed, the color of the mixture changes to gray.
Centrifuge is used for separation, and distilled water is
used for washing colloidal nanoparticles [8].

Ultrasound is sound waves with a frequency above 20
kHz (the upper limit of human hearing). Cavitation is
the main phenomenon that occurs during the action of
ultrasound in chemical processes where voids are cre-
ated in the liquid because of high vacuum. With cavita-
tion, not only physical stirring and homogenization takes
place, but sometimes the necessary activation energy is
also provided for chemical reactions. These two effects
in some cases occur simultaneously and thus lead to
remarkable results [3]. Strong ultrasound might convert
monomeric aqueous solution to semi-solid and stable
hydrogel. This is done only in a viscous environment
such as glycerin. Glycerin increases viscosity and there-
fore the formation of free radicals resulting from ultra-
sonic cavitation. Besides, the solubility of the polymer is
reduced, and the degradation reaction is delayed. In the
aqueous environment, ultrasounds destroy the gel and
liquefy it into an aqueous solution [9, 10].

Nanocomposite hydrogels have been found to be useful
for water purification [11]. Carboxymethylcellulose
(CMCQ)/poly(3-sulfopropyl methacrylate) hydrogel was
used to remove methylene blue [12]. Absorption of
methylene blue from aqueous solution was also eval-
uated using a beta-cyclodextrin/zinc oxide compos-
ite. The lowest absorption was observed at neutral pH
7 whereas, the highest was observed acidic pH 1. The
absorption was done quickly in 15 minutes, and the
equilibrium was reached after 30 minutes. The highest
absorption capacity was occurred at the temperature of
20°C, at the concentration of 5 mg/L of the pollutant in
the presence of 0.005 g/L of the adsorbent [13]. Fe,O,-g-
PAA magnetic nanocomposite hydrogel has been syn-
thesized through radical polymerization in the presence
of methylenebisacrylamide (MBA), as cross-linker, and
has resulted in an adsorbent with a removal capacity
of 507.7 mg/g for methyl blue [14]. Khan et al reported
a Guar gum adsorbent hydrogel combined with zinc
oxide nanoparticles proper for removing chromium (VI)
from water. ZnO nanoparticles improved the recovery
of the adsorbent from the aqueous solution after the
removal of chromium (VI) [15]. The advantage of ZnO-
modified CMC hydrogel is low cost, ability to absorb
dyes and antibacterial activity [16]. Moreover, PAAm/
CS/Fe,O, hydrogel composite was used to remove meth-
ylene blue from the aqueous solution [17]. Sodium algi-
nate/ZnO hydrogel nanocomposite, compared to pure
hydrogel, showed high thermal stability and excel-
lent recycling performance. The incorporation of zinc
oxide nanoparticles in the hydrogel matrix increased
the swelling capacity and decreased the mechanical
strength [18]. CMC/PPA hydrogel nanocomposites con-
taining carboxyl and hydroxyl functional groups were
reinforced with graphene oxide to obtain non-toxic and
environmentally friendly absorbent, effective in mul-

tiple removal ionic pollutants from wastewater. The
pore size of the nanocomposites decreases as graphene
oxide concentration increases. These hydrogels have the
capacity to absorb 138 mg/g of methylene blue after 4 h
[19]. Moreover, nanocomposites based on silver nanopar-
ticles coated with 4-amino-N-tetradecyl pyridinium
bromide and silica gel were used to remove copper(II)
ions from aqueous solution. The maximum copper(II)
ions removal, equaling to 98.6%, was obtained using 0.4
g of the nanocomposite, suggesting high efficiency in
removing copper(II) ions [20].

The aim of these studies was the absorption of certain
substances, the removal of impurities from the aque-
ous solution and the implementation of silver chloride
nanoparticles in gel holes for the first time. For this pur-
pose, acrylic hydrogel, and some of its nanocompos-
ites (containing starch and Fe,O,, ZnSe nanoparticles)
were synthesized by sonification and their swelling was
also studied. The ultrasonic polymerization procedure
described herein has some applications where initiators
and heat are not desirable.

EXPERIMENTAL PART
Materials

All the materials and chemicals utilized in this work
are of analytical grade, were obtained from Merck
company, and they are used without further purifi-
cation.

Double distilled water and pure glycerin as solvent,
acrylic acid (AA) and acrylamide (AAM) as monomer and
methylenebisacrylamide (MBA) as crosslinker, potas-
sium dihydrogen phosphate (KH,PO,), sodium hydro-
gen phosphate (Na,HPO,) for making buffer solutions,
sodium hydroxide (NaOH) for neutralizing acrylic acid,
and starch for preparing a hydrogel composite were all
purchased from Merck, Germany; and Fe,O, and ZnSe
nanoparticles were synthesized.

Synthesis of hydrogels

1.5 g of AAM, 1.5 g of AA, 0.2 g of MBA and 0.2 g
of NaOH were added to 24 g of glycerin and water in
a 20 mL beaker. For some samples, 0.2 g of starch, Fe3O4
or ZnSe were also added at the last stage [1]. The resulting
mixture was stirred using a magnetic stirrer (Heidolph
Instruments, Germany) and then sonicated (20 kHz,
56 W) using ultrasonic probe (Brandlin Electronic GmbH,
Germany). The gelation process lasted about 5 minutes.
The product was crushed in a mortar and washed succes-
sively with distilled water at room temperature (200 mL),
hot water (200 mL) and ethanol (200 mL) for one hour
each time. After filtration, the sample was oven dried at
70°C for 8 h (INB400, Memmert GmbH, Germany). The
dried hydrogel was ground in a mortar and the resulting
powder was stored in a container.
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Fig. 1. Mechanism of the cross-linking reaction

Synthesis of silver chloride nanoparticles inside gel
cavities

The synthesis of silver chloride nanoparticles inside
the gel cavities was done by three different, innovative
methods. In the first method, 10 mL of silver nitrate solu-
tion (0.085 g/L) and 10 mL of sodium chloride solution
(0.05 g/L) were mixed with 0.05 g of hydrogel for 1 h. The
swollen gel was washed with distilled water and ethanol.
After drying for 24 h at 70°C, the gel was placed in a spe-
cial container. The presence of silver chloride absorbed
in the cavities of the hydrogel was determined by SEM.
In the second method 10 mL of silver nitrate solution
(0.085 g/L) was added to 0.05 g of hydrogel, stirred for
60 min, and washed with distilled water. Then, 10 mL of
sodium chloride solution (0.05 g/L) was added and stirred
for another 60 min.-Thereafter, filtration, washing and
drying were carried out, as in the first method. In the
third method 10 mL of sodium chloride solution (0.05 g/L)
was added to 0.05 g of hydrogel. After being stirred for
60 min, filtrated, and washed, 10 mL of silver nitrate solu-
tion (0.085 g/L) was added, and all the steps of washing,
drying, and grinding were repeated like the previous.
SEM confirmed silver chloride absorption.

Methods

Dye solutions of methyl orange, methyl red, methy-
lene blue and Eriochrome Black T were selected, which
showed appropriate and specific spectra in the UV-VIS
range. Each solution was diluted several times to deter-
mine the optimal working concentrations. 5 g of methy-
lene blue was added to a 100 mL flask and diluted 20-fold,

Koo .3 -
g ™~ 1
Wi :‘:_;. g
Simple gel Starch/Gel

Fig. 2. Pictures of the obtained hydrogels

Glycerine (0.75), NaOH

R = CONH,, R,= COOH

then the UV absorption was measured using UV device
(8453, Agilent, USA). 0.05 g of a simple hydrogel and
25 mL of a methylene blue solution at a concentration of
9.76 mg/L were mixed using a magnetic stirrer (1250 rpm).
After 130 seconds, part of the solution was centrifuged
(3500 rpm) and then its UV absorbance was measured.
These steps were repeated several times during mixing.
The same procedure was repeated with other hydro-
gels. Then, the absorption of 25 mL of methyl orange
78.125 mg/L by 0.05 g of Fe,O, hydrogel, the absorption
of 25 ml of Eriochrome Black T 19.5 mg/L by 0.05 g of
simple hydrogel and 0.05 g of starch hydrogel, and the
absorption of 50 ml of methyl red 78.125 mg/L by 0.1 g
starch hydrogel powder were measured.

The FT-IR analysis was carried out on a spectrophotome-
ter (RX1, Perkin Elmer, USA), with a scanning range between
4000 and 400 cm™ at room temperature (27°C). Scanning
electron microscope (SEM, XL30, Philips, Netherlands) and
X-ray (D8, Bruker, USA) images were used to study the mor-
phology of prepared hydrogels surfaces.

RESULTS AND DISCUSSION

Hydrogel formation

For the synthesis of hydrogels by ultrasound, the
required amounts of water, glycerin, acrylamide, and
acrylic acid were homogenized with a magnetic stir-
rer, and then methylene bisacrylamide was added to the
mixture as a cross-linking agent. After adding sodium
hydroxide, the mixture was sonicated to produce a hydro-
gel. For the preparation of other hydrogels, sufficient
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Fig. 3. UV spectra of diluted methylene blue solutions in 30 steps

starch or Fe,O, or ZnSe nanoparticles were added before
ultrasonic treatment. The sonication time was 168 s for
simple gel, 124 s for starch/gel and 104 s for Fe,O,/gel.
In the case of ZnSe, the gel formed at room temperature
only after 2 h and was stronger and stiffer than the others.
Figure 1 shows the mechanism of the cross-linking reac-
tion. The obtained hydrogels are shown in Figure 2.

The gel formation efficiency

The gel formation efficiency was calculated using
equation 1. The results are shown in Table 1. The highest
and lowest process efficiency is related to Fe,0O,/gel and
simple gel, respectively. The presence of an additive, par-
ticularly nanoparticles, significantly increases the effi-
ciency of gel formation.

Gel formation efficiency = M /M, - 100 @
where: M, —mass of obtained gel (g), M, - mass of the ini-
tial materials (g)

Tablel. Gel formation efficiency

Gel type Gel formation efficiency, %
Simple gel 48.25

Starch/gel 50.05

Fe,O 4/gel 58.95

ZnSe/gel 55.39

Silver chloride nanoparticles were formed inside the gel
cavities using three innovative methods: i) silver nitrate
and sodium chloride solutions were together added to
the gel powder, the solution was slightly cloudy and dark
green, and this color was due to the simultaneous effect
of silver and chlorine ions on the gel (efficiency 34.5%),
ii) first, silver nitrate solution and then sodium chloride
solution were added to the powder, the resulting gel
powder was cloudy and brownish, which was due to the
rapid absorption of silver ions in the gel (32.5%), iii) first,
sodium chloride solution and then silver nitrate solution
were added to the gel powder, the color of the resulting
powder, due to the faster absorption of chlorine ions by
the gel, was slightly brighter than the initial gel (41%).

The color solutions absorption

For various concentrations of methylene blue, methyl
orange, methyl red and Eriochrome Black T solutions,
absorption spectra in the wavelength range of 200-900
nm were measured, and their optimal concentrations
were determined. For example, a methylene blue solution
was diluted from 5 000 mg/L to 3.792 mg/L in 30 steps
(Fig. 3), and a concentration of 78.125 mg/L was selected
for quantitative measurements. The specified amount of
each gel was added to this solution. After filtration, the
absorption of the resulting solution was measured. For
methyl red, the optimal concentration was 78.125 mg/L,
and for Eriochrome Black T 19.5 mg/L. In Fig. 4, the
black line shows the absorption of methyl orange on
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Fig. 4. UV-VIS spectra of dye solutions with and without hydrogels: a) methyl orange on Fe,O,/gel, b) methyl red on starch/gel c) Er-

iochrome black T on starch/gel
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Fig. 6. IR spectra of the hydrogel: a) silver nitrate and sodium chloride were added simultaneously, b) silver nitrate was first added,

¢) sodium chloride was first added

Fe,O,/hydrogel (4a), methyl red on starch/hydrogel (4b)
and Eriochrome Black T on starch/hydrogel (4c); the other
curves correspond to the spectra of dye solutions without
hydrogels (3 to 6 measurements).

IR analysis of hydrogels

In Fig. 5 shows the IR spectra of simple hydrogel and
ZnSe/gel. The change in the structure of the hydrogel

consists in breaking the methylene bisacrylamide cross-
links. The peak at 3442 cm™ corresponds to hydroxyl
stretching vibrations and the peak at 2931 cm™ corre-
sponds to symmetrical C-H bond stretching vibrations.
The peak at 1675 cm™ is related to the stretching vibra-
tions of the carbonyl or amide group [21].

Fig. 6 shows the IR spectra of silver chloride contain-
ing hydrogels. The peak in the range of 3400-3500 cm™
is related to the stretching vibrations of the -OH groups
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Fig.7. XRD spectra of simple hydrogel and hydrogels containing starch, Fe,O, and ZnSe. a) Simple hydrogel b) Starch/gel c) Fe,O,/gel,
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Fig. 8. SEM images of hydrogels: a) simple hydrogel (layered structure), b) hydrogel containing starch (particles inside the gel cavi-
ties), c) hydrogel containing ZnSe (layered cavities), and d) hydrogel containing Fe,O, (cubic crystals)

and the vibrations of the amino groups in the chain. The
peak at 2919 cm™ corresponds to the symmetrical stretch-
ing vibrations of C-H bonds, and the peak at 1734 cm™
corresponds to the stretching vibrations of C=O ketone

groups. Peak at 1452 cm™ is associated with vibrations
of C-N bonds and peak 1167 cm™ with vibrations of C-C
bonds. In addition, in the region of 618 cm?, a peak asso-
ciated with C-Cl bonds is visible. In the range from 1040
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Fig. 9. SEM images of hydrogel containing silver chloride nanoparticles: a) silver nitrate and sodium chloride were added simulta-
neously, b) silver nitrate was first added, c¢) sodium chloride was first added

to 1159 cm”, the observed peaks may be associated with
C-OH or C-O-C functional groups.

In the case of hydrogel obtained when silver nintrate
was first added, a peak at 481 cm™ is observed, which is
not visible in the other hydrogels. In these samples, a peak
at 2850 cm™ corresponding to the C-H bonds stretching
vibrations is observed that it is not visible in the sample
obtained when silver nintrate was first added.

XRD and SEM analysis of hydrogels

To identify and confirm the structure of the obtained
products, X-ray diffraction (XRD) and scanning electron
microscope (SEM) images were taken with high resolu-
tion (Fig. 7).

In the XRD spectrum of a simple hydrogel, the number of
peaks and their intensity decreased. In the spectrum of the
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Fig. 11. Reduction of absorption of methylene blue with different initial concentrations after 1Th mixing with: a) simple hydrogel

and b) Fe,0O,/gel nanocomposite

hydrogel-containing starch, the peaks are sharp and of high
intensity, which indicates its semi-crystalline structure. In
the spectrum of hydrogels containing Fe,O, and ZnSe, the
number of peaks is smaller and their intensity is the same as
in the case of a simple hydrogel, which indicates the interac-
tion of nanoparticles with the polymer matrix.

Figure 8 shows SEM images of a simple hydrogel
(Fig. 8a) and hydrogels containing nanoparticles (Fig.

8b-d) differing in size and shape. The images show a uni-
form distribution of approximately 40 nm nanoparticles
that form aggregates of 200 nm.

SEM images of hydrogels containing silver chloride
show that higher porosity of the gel is associated with
higher absorption of nanoparticles (Fig. 9). When silver
nitrate was first added (sample B) significantly more
pores are formed, in comparison with the sample when



284 £= POLIMERY 2023, 68, nr 5
a 35 b) 40
3.0 4 ——0.5 ppm 3.5 —— 0.5 ppm
—— 1.0 ppm —— 1.0ppm
5 25 5 3.0+
s - 2.0 ppm @ 95 2.0 ppm
éﬂ 2.0 - 2.5 ppm E:ﬁ 2.5 ppm
S B 2.0 -
5 127 5 15
2 10 \ < 10/
0.5 /\& 0.5
\/ o A
0 . T — T O T T
200 400 600 800 200 400 600 800

Wavelength, nm

Wavelength, nm

Fig. 12. Reduction of Cu**absorption after 1h mixing with: a) hydrogel and b) Fe,O,/gel nanocomposite

silver nitrate and sodium chloride were added simulta-
neously (sample A). Sample obtained when sodium chlo-
ride was first added (sample C) shows the least number
of pores. Depending on the number of pores, the samples
are arranged in order B> A > C.

When the silver ions are added first, the only sites that
can be coordinated are oxygen groups in the hydrogel. In
this slow process, silver ions can penetrate the structure
and cavities of the hydrogel. Further, by adding chlorine
ions, owing to the small radius and high mobility in com-
parison to silver ions, quickly penetrate the structure and
react with silver ions to produce AgCl. Majority of silver
ions loosen their bonds with oxygen groups and partici-
pate in the formation of AgCl nanostructures. Due to the
availability of oxygen groups (coordinated with silver
ions), chlorine atoms create AgCl nanostructures inside
hydrogel matrix as a secondary phase. In case of chlorine
ions are added before silver ions, or even at a simultane-
ous time, there would be no opportunity for silver ions
to penetrate the hydrogel cavities, and AgCl was quickly
precipitated on the surface. The hydrogel nanocompos-
ites were separated from the solution, washed, and dried
at 70°C for 12 h.

SEM images also confirmed that, when silver ions
are first added, the formation of silver chloride inside
the cavities causes the crack formation on the hydrogel
surface. In two other samples, the bulk structure of the
hydrogel is not changed and AgCl is formed only on the
surface (very bright points that turn white).

Pollutant absorption

To study the absorption of organic (methylene blue)
and inorganic (Cu*) pollutants, two hydrogels and two
absorbing agents were selected, and their UV-Vis spec-
tra were obtained in the range of 200-800 nm (Fig. 10).
The wavelengths of 210 and 260 nm correspond to the
n>7* transfer of carbonyl groups -CONH, and -COOH
in the hydrogel structure. No new absorption peaks were

observed in the prepared hydrogel compared to the con-
stituent monomers. Therefore, the unsaturated carbonyl
system has not changed. The absorbance at 292 and
662 nm is characteristic of methylene blue, and at 342 and
612 nm of copper cations. The concentration of absorbed
substances was determined based on calibration curves:
for the absorption of methylene blue in the concentra-
tion range of 2-10 mg/L (662 nm) and copper cations in
the concentration range of 0.5-2.5 ppm (612 nm) (Fig. 10).

During the absorption of methylene blue into the acrylic
hydrogel and its nanocomposite, the color of the solution
was stable after stirring for 60 min (Fig. 11). This time
has been given in the literature as 30 minutes, 200 min-
utes, and sometimes even up to 400 minutes. A signifi-
cant change in pH caused by a decrease in H" concen-
tration was also observed [21-23]. All copper ions were
absorbed into the hydrogel at a concentration of 2 mg/L,
while at higher concentrations some of the ions remained
in solution. A hydrogel containing magnetic nanopar-
ticles would be more effective in this process and would
absorb all copper ions at all selected concentrations.

60 minutes after the time that hydrogel and Fe,O,/gel
nanocomposite were mixed, the absorption intensity
of Cu* solutions were investigated (Fig. 12). After this
time, for all selected concentrations, all copper ions are
absorbed into the hydrogel. It is reported that a gel con-
taining magnetic nanoparticles is more effective in this
process [24].

CONCLUSIONS

Using ultrasound, polyacrylate hydrogels contain-
ing starch, ZnSe, Fe,O, and AgCl nanoparticles were
obtained. IR, XRD and SEM studies showed that hydro-
gels have a uniform porous structure that facilitates the
absorption of inorganic and organic pollutants from
wastewater. Moreover, silver chloride nanoparticles can
form in the cavities of hydrogels. The advantage of the
developed hydrogels is their stability and reusability.
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