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ABSTRACT: Hydrogels are cross-linked polymeric networks which retain large amounts of water. The
hydrogels with response capability to various stimuli such as pH and temperature have received great
attention in many fields. In this study, hydrogels were synthesized by free radical solution polymerization
through optimization of acrylamide/sodium acrylate mole ratio and ethylene glycol dimethacrylate
content. With the addition of sepiolite as filler into the hydrogel network which had highest swelling
percent, hydrogel composites were obtained. In the presence of 10 wt% sepiolite, maximum swelling
percent was determined as approximately 10600%. Swelling properties of the hydrogel composite
including 10 wt% sepiolite was investigated depending on pH, salt effect and temperature. With increasing
pH value, swelling percent of the hydrogel composite showed an increase. At high temperatures, the
hydrogel composite exhibited higher swelling percent. Swelling tests in 0.1 M NaCl, CaClz and FeCls
solutions revealed that the lowest swelling percent was observed in 0.1 M FeCls solution. Fourier transform
infrared spectroscopy (FTIR) analyses verified successfully preparation of the hydrogel composites.
Regular layers of the sepiolite in the hydrogel network which made water diffusion easily were shown by
scanning electron microscopy (SEM) analyses. Thermogravimetric analyses (TGA) indicated that thermal
stability of the hydrogel network was increased with the addition of sepiolite.
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1. INTRODUCTION

Hydrogels are three dimensional polymer networks consisting of hydrophilic functional groups that
make hydrogels water swelling materials. Swelling properties of hydrogels change depending on cross-
linking degree, chemical composition, type of solvent and external stimulus [1]. Physically cross-linked
hydrogels have reversible swelling ability under various stimuli such as pH, temperature, pressure, light,
magnetic and electric field [2]. pH responsive hydrogels consist of ionizable pendant groups which alter
hydrogel charge in case of pH changes. Formation of electrostatic interactions or repulsion forces in
hydrogel network results in swelling or shrinkage of hydrogels, respectively [3]. Temperature responsive
hydrogels are classified into two groups: (1) negative temperature responsive hydrogels which swell at
temperatures below lower critical solution temperatures and (2) positive temperature responsive
hydrogels which swell at temperatures above upper critical solution temperatures [4].

Hydrogel composites have received great attention in water treatment, biosensors, drug delivery,
tissue engineering and implant industry [5]. In general, hydrogel composites have been prepared by four
different methods: (1) gel formation in filler suspension, (2) in situ filler growth after gel formation, (3)
filler impregnation after gel formation and (4) gel formation in the presence of filler as matrix or cross-
linker [6]. To enhance mechanical properties, adsorption capacity, stimuli responsive ability, thermal
stability and adhesion properties of hydrogel network, many fillers including carbon nanotubes,
graphene, metals, metal oxides and clays have been used [7]. Recently, clays such as kaolin, bentonite,
montmorillonite and sepiolite have been utilized in the preparation of hydrogel composites for different
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applications in literature studies. Yilmaz, et al. [8]) prepared pH responsive poly(acrylamide-co-
methacrylic acid) hydrogels including kaolin and investigated swelling behavior of the hydrogel
composites in different pH values. Khan, et al. [9]) examined pharmaceutical contaminant removal
capacity of montmorillonite-poly(methacrylic acid) hydrogel nanocomposites. Peighambardoust, et al.
[10]) studied on dye removal performance of montmorillonite-carboxymethyl cellulose-g-polyacrylamide
hydrogel nanocomposite. Thakur, et al. [11]) utilized xanthan gum-cl-poly(itaconic acid)-bentonite
hydrogel nanocomposites for drug release. Saraydin, et al. [12]) prepared N-isopropyl acrylamide-itaconic
acid-acrylamide hydrogels including sepiolite for enzyme immobilization.

Sepiolite (MgsSi2030(OH)4(H20)4.8H20) is an abundant and low-cost clay consisting of two
dimensional tetrahedral layers in addition to octahedral layers. Owing to discontinuity of octahedral
layers, internal channels are formed in sepiolite structure that provides synergistic effects on its sorption
ability [13]. Sepiolite has high surface area as well as 320 m? g-! with surface functional groups. The active
groups like Si-OH and -OH on the sepiolite surface increase compatibility between sepiolite and polymer
matrix [14].

In this study, acrylamide-sodium acrylate hydrogels were synthesized by free radical solution
polymerization. Optimum acrylamide-sodium acrylate molar ratio was determined depending on
swelling tests in water through tea-bag method. Different amount of sepiolite was added to optimized
monomer solution to prepare sepiolite-acrylamide-sodium acrylate hydrogel composites. Swelling
properties of the hydrogel composites were examined as a function of pH and temperature. Their swelling
ratio was also investigated in various saline solutions. Characterization of the samples was conducted by
FTIR, SEM and TGA analyses to show the effect of sepiolite addition on the properties of acrylamide-
sodium acrylate hydrogels.

2. EXPERIMENTAL
2.1. Materials

Acrylamide as monomer was purchased from Merck. Sodium acrylate as monomer, ammonium
persulfate as initiator, ethylene glycol dimethacrylate as cross-linker and N,N,N’,N’-
tetramethylethylenediamine as accelerator were purchased from Sigma-Aldrich. NaCl, CaClz and FeCls
were obtained from Sigma-Aldrich to prepare saline solutions. The chemicals were used without further
purification. Sepiolite was utilized as filler in the preparation of hydrogel composites.

2.2. Preparation of hydrogel composites

Acrylamide-sodium acrylate hydrogels were synthesized by free radical solution polymerization.
First, acrylamide solution was prepared in distilled water, and then sodium acrylate was added with
different mole ratio (acrylamide/sodium acrylate: 1-1; 1-2; 1-3; 2-1; 3-1). For cross-linking, ethylene glycol
dimethacrylate (different content: 0.05 mL; 0.10 mL; 0.20 mL; 0.40 mL) was mixed with the monomer
solution in the flask equipped with reflux condenser. The solution was stirred with 100 pL N,N,N’,N’-
tetramethylethylenediamine at about 50 °C after the addition of 0.01 g ammonium persulfate into the
solution. The gelation was observed in a short time. Gel washing with distilled water three times was
carried out at ambient conditions followed by gel drying at 50 °C.

To prepare hydrogel composites, different weight percent of sepiolite (1 wt%; 3 wt%; 5 wt%; 10 wt%)
was added to solution after the incorporation of ethylene glycol dimethacrylate. Gel washing and drying
steps were applied as mentioned above.

2.3. Swelling tests

Swelling tests of the hydrogel composites were conducted using tea-bag method in distilled water at
room temperature. Moreover, swelling properties of the hydrogel composites were investigated at
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different pH values (pH 2; pH 7; pH 9), in various salt solutions (0.1 M NaCl; 0.1 M CaClz; 0.1 M FeCls)
and at different temperatures (25 °C; 30 °C; 40 °C; 50 °C). For swelling test, the tea-bag with dry hydrogel
composite was dipped in distilled water or other solutions. At certain times, the tea-bag with wet hydrogel
composite was wiped using a filter paper to remove excess liquid on the tea-bag and weighed. The
swelling percent (S, %) was calculated using Eq. (1) [15]:

W, — W,
S (%) = — X 100 ¢y

0
where W1 (g) and Wo (g) is weight of the tea-bag with wet and dry hydrogel composite, respectively.
2.4. Characterizations

Chemical structure of the hydrogel composites were examined by Fourier transform infrared
spectroscopy (FTIR) analyses on Bruker Vertex 70 spectrometer. Morphological characterization of the
hydrogel composites were carried out through scanning electron microscopy (SEM) analyses by SM Zeiss
LS-10 equipment. Before SEM analyses, surface of the hydrogel composites was coated with gold layer.
Thermal properties of the hydrogel composites were investigated by thermogravimetric analyses (TGA)
with heating rate of 10 °C min! by METTLER STAR SW thermal analyzer.

3. RESULTS and DISCUSSIONS
3.1. Swelling properties

Swelling percent of the hydrogels with different acrylamide/sodium acrylate mole ratio is shown in
Figure 1a. It was clear that swelling percent of the hydrogel significantly increased with increasing sodium
acrylate mole ratio. Optimum acrylamide/sodium acrylate mole ratio was determined as 1-3. In the
presence of high mole of sodium acrylate in the hydrogel network, hydrophilicity of the hydrogel
increases due to —COO- functional groups belonged to sodium acrylate monomer. An increase in
hydrophilic groups of hydrogel structure provides to increase swelling percent [16].

Swelling percent of the hydrogel with 1-3 acrylamide/sodium acrylate mole ratio as a function of
ethylene glycol dimethacrylate content is shown in Figure 1b. The highest swelling percent was indicated
as about 10000% in the case of using 0.05 mL ethylene glycol dimethacrylate. The swelling percent of the
hydrogel decreased, while ethylene glycol dimethacrylate content was increasing. It can be explained with
possible formation of highly cross-linked hydrogel networks. Generally, high cross-linking in hydrogel
structure behaves as a barrier against water diffusion; so swelling ratio of hydrogels can significantly
decreases [17].

Swelling percent of the hydrogels with 1-3 acrylamide/sodium acrylate mole ratio and 0.05 mL of
ethylene glycol dimethacrylate is shown depending on amount of sepiolite in Figure 2. In general,
incorporation of optimum amount of sepiolite into hydrogel network has synergistic effects on the
swelling properties of hydrogels due to internal channels of sepiolite as well as its -OH functional groups.
However, more sepiolite in hydrogel network acts as a cross-linker that increases cross-linking density
leading to decrease water diffusion [18]. An increase in swelling percent of the hydrogel was observed
with increasing amount of sepiolite in this study. And also, an increase in amount of sepiolite provided
fast reaching to equilibrium swelling point. For example, the hydrogel composite including 1 wt%
sepiolite reached to equilibrium swelling point in ~500 min; whereas, the hydrogel composite reached to
equilibrium swelling point in ~350 min in case of 10 wt% sepiolite addition.
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Figure 1. Swelling percent of the a) hydrogels with different acrylamide/sodium acrylate mole ratio and
b) hydrogels with different content of ethylene glycol dimethacrylate in water
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Figure 2. Swelling percent of hydrogel composites in water

Swelling percent of the hydrogel composite including 10 wt% sepiolite at different pH values is shown
in Figure 3a. It was obvious that the lowest swelling percent of the hydrogel composite was observed at
pH 2. At low pH, -COO- functional groups belonged to hydrogel networks tend to form hydrogen
bonding that restricts their swelling [19]. With increasing pH, swelling percent of the hydrogel composite
showed an increase. It was contributed to a decrease in interactions between —-COO- groups at high pH
values. Relaxation of hydrogel network chains makes diffusion of water molecules into hydrogel network
easily which increases swelling percent of hydrogel [20].

It is known that osmotic pressure difference between salt solution and hydrogel network is one of the
main factors affecting swelling capacity of hydrogel in salt solutions. Generally, shrinkage of hydrogels is
determined depending on a decrease in the osmotic pressure difference which causes screening effect of
cations belonged to the salt solutions. Also, complexation between cations with high ionic charge and
carboxylate groups is too easy that limits relaxation of hydrogel network chains [21, 22]. Swelling percent
of the hydrogel composite including 10 wt% sepiolite in different salt solutions with same concentration
is shown in Figure 3b. Swelling percent of the hydrogel composite in NaCl and CaClz solutions was almost
same with its swelling percent in water. However, swelling capacity of the hydrogel composite
significantly decreased in FeCls solution. Compared to Na* and Ca? ions, complexing ability of Fe* ions
with -COO- groups is high that decreased water diffusion into the hydrogel composite structure.



Physicochemical and Thermal Properties of Clay-Hydrogel Composites 443

12000 12000
a) b)
~ 100004 ~ 10000
X X
?E' -
$ 8000+ S 8000
2 o
[} [1]
Q 6000 - S 6000 -
[=)] D
£ £
T 4000 T 4000
3 2
7] ——pH2 2} NaCl
2000 ——pH7 2000 1 CaCl,
——pHY ——FeCl,
0 M T T T d L] d L) L) L) 0 v ) v ] v L) M L] M T M ) M L]
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Time (min) Time (min)
14000
c)
__ 12000
9
< 10000+
o
3
5 8000+
o
2 6000
3 —25°C
“3, 4000 - __
——40°C
2000 - 50°C
0

0 200 400 600 800 1000 1200 1400
Time (min)
Figure 3. Swelling percent of the hydrogel composite including 10 wt% sepiolite under the effect of
different a) pH values, b) salt solutions and ¢) temperatures

Swelling percent of the hydrogel composite including 10 wt% sepiolite as a function of temperature is
shown in Figure 3c. The temperature rising up to 40 °C provided to increase swelling capacity of the
hydrogel (~12000%) that was attributed to relaxation of hydrogel network chains as well as strong
interactions of water molecules with -OH and -COO- functional groups of hydrogels [23, 24]. In case of
50 °C, a slight decrease in swelling percent of the hydrogel composite was identified. At high
temperatures, water release can be dominant which decreases swelling capacity of hydrogels.

3.2. FTIR analyses

FTIR spectrum of the hydrogel and hydrogel composite including 10 wt% sepiolite shows successful
synthesis of the materials (Figure 4). The peaks between 3400 cm! and 3600 cm™ indicated ~OH stretching
vibrations [25]. The broad peaks centered on 3182 cm and 3343 cm™ were attributed to N-H stretching
vibrations of amide groups [26]. C-H asymmetric stretching vibrations placed in hydrogel network chains
and cross-linking points were observed at about 2932 cm-!. The peak at 1663 cm-! was contributed to -OH
stretching vibrations [27]. -COO- asymmetric and symmetric stretching vibrations were determined at
1549 cm! and 1408 cm!, respectively [28]. The peak at 1450 cm™ was originated from C-N stretching
vibrations which confirm amide groups. The peaks from 1100 cm- to 1400 cm? was related to C-N
deformation vibrations and CHz groups in general [29]. The peak belonged to C-H bending vibrations was
specified at 666 cm. In spite of similar FTIR spectrum of the hydrogel and hydrogel composite, the peak
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at 1058 cm! assigned to Si-O-Si bonds of sepiolite appeared in FTIR spectrum of the hydrogel composite
[30].
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Figure 4. FTIR spectrum of the hydrogel and hydrogel composite including 10 wt% sepiolite

3.3. SEM analyses

SEM image of the hydrogel and hydrogel composite including 10 wt% sepiolite is shown in Figure 5.
The hydrogel surface was smoother than that of the hydrogel composite (Figure 5a). In the presence of
sepiolite, layered structure of the hydrogel composite with no agglomeration was observed (Figure 5b).
Uniform dispersion of sepiolite and its layered structure had synergistic effects on the water diffusion into
the hydrogel network. In literature studies, it is indicated that regular layers of clays in a hydrogel network
generally increases swelling capacity of hydrogels [31, 32].
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Figure 5. SEM image of the hydrogel and hydrogel composite including 10 wt% sepiolite

3.4. TGA analyses

TGA curve of the hydrogel and hydrogel composite including 10 wt% sepiolite is shown in Figure 6.
Until 200 °C, evaporation of water molecules from the samples resulted in mass loss [33]. The sharp
decrease in the TGA curve of the hydrogel was observed at about 315 °C that was related to decomposition
of polymeric side chains [29]. The incorporation of sepiolite into the hydrogel network provided to
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increase decomposition temperatures of the hydrogel network owing to the heat barrier effect of the
sepiolite. The residue of the hydrogel at 600 °C was increased by 5% in the presence of sepiolite. Many
studies in literature also reveal that the addition of clay type fillers has positive effects on the thermal
stability of a hydrogel network [34-36].
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Figure 6. TGA curve of the hydrogel and hydrogel composite including 10 wt% sepiolite

4. CONCLUSIONS

In this study, the hydrogels were synthesized by free radical solution polymerization. First, the effect
of acrylamide/sodium acrylate mole ratio and ethylene glycol dimethacrylate content on the swelling
percent of the hydrogel in water was investigated. The highest swelling percent of the hydrogel was
determined in the case of acrylamide/sodium acrylate mole ratio: 1-3 and ethylene glycol dimethacrylate
content: 0.05 mL. With the incorporation of different amount of sepiolite (1 wt%; 3 wt%; 5 wt%; 10 wt%)
into the hydrogel network, the hydrogel composites were successfully prepared. Swelling percent of the
hydrogel increased with increasing amount of sepiolite. Moreover, the hydrogel composite reached to
equilibrium swelling point with the 10 wt% sepiolite addition in a shorter time. Different swelling
behaviour of the hydrogel composite at various pH values and temperatures showed that the hydrogel
composite was pH and temperature responsive material. The lowest swelling percent of the hydrogel
composite was identified in FeCls solution when compared to NaCl and CaCl: solutions.

The presence of the characteristic peaks in the FTIR spectrum of the acrylamide-sodium acrylate based
hydrogel composite was indication of the successfully preparation of the composite with the combination
of hydrogel network and sepiolite. Layered structure of the hydrogel composite with no agglomeration
was observed in the SEM image of the hydrogel composite. And also, TGA analyses revealed that sepiolite
addition increased thermal stability of the hydrogel network.

The results showed that the hydrogel composite with the advantages such as high swelling percent,
pH and temperature responsive ability and high thermal stability can be utilized in various fields such as
tissue engineering, drug delivery and biosensors.
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