¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29610

298 (2023) 44-52
June

Swelling behavior study of poly(methacrylic acid-co-acrylamide) nano-
composite hydrogel adsorbents containing different nanoparticles

Seyed Jamaleddin Peighambardoust®*, Hamid Safarzadeh®

“Faculty of Chemical and Petroleum Engineering, University of Tabriz, Tabriz, 5166616471, Iran,

email: j.peighambardoust@tabrizu.ac.ir

vSeparation Processes and Nanotechnology Lab., Faculty of Caspian, College of Engineering, University of Tehran,

Tehran, Iran, email: hamidsafarzade1993@gmail.com

Received 24 November 2022; Accepted 25 May 2023

ABSTRACT

The degree of swelling can be an essential issue in comparing hydrogels in different studies. In
this study, the swelling effect of hydrogel has been investigated. Poly(methacrylic acid-co-acryl-
amide) polymer hydrogel was synthesized by a free radical mechanism in methylene bisacrylamide
as a crosslinker and potassium persulfate as an initiator. Bentonite, montmorillonite, and Cloisite
30B biodegradable clay nanoparticles were added to improve hydrogel mechanical properties and
swelling speed. Fourier-transform infrared spectroscopy, X-ray diffraction (XRD), scanning elec-
tron microscopy, and thermogravimetric analysis (TGA) were used to check the structural proper-
ties. XRD analysis and TGA evaluated the mechanical properties and thermal stability. Also, it was
determined from the scanning electron microscope that at the nanoscale, the distribution of clay
nanoparticles among the hydrogel links was regular, and no accumulation was seen among the mol-
ecules, which indicates the continuous structure of nanocomposite hydrogels. On the other hand,
TGA analysis proved the thermal stability of nanocomposites after adding clay nanoparticles. Also,
the swelling rate of co-polymer and nanocomposite hydrogels was obtained by measuring the swell-
ing rate. The desired results increased, higher than the swelling rate attributed to poly(methacrylic
acid-acrylamide)/Cloisite 30B nanocomposite hydrogel. The results show that they are successful
in addition to nanoparticles and increase the swelling speed of hydrogels. The analyses also show
improved mechanical properties, increased surface strength and thermal stability, and optimal dis-
tribution of nanoparticles on the surface of hydrogels. The addition of clay nanoparticles to the
performance of the co-polymer hydrogel increased the swelling rate up to 15 times, which can be
used in the adsorption, drug delivery, and polymerization industries.
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1. Introduction

Today, the use of polymeric materials in various indus-
tries is very important. One of the most important poly-
mers is hydrogels, which have many applications in various
fields. In general, hydrogels are divided into natural and
synthetic categories. Natural hydrogels are extracted from
raw organic materials such as carboxymethyl cellulose and

* Corresponding author.

alginate, primarily biodegradable. Hydrogels from labo-
ratory chemicals are synthesized in chemical and polymer
laboratories, such as gelatins [1-3]. Also, hydrogels are
divided into two groups in terms of binding: co-polymers
and biopolymers, which are often the basis of co-polymers
and monomers. The basis of biopolymers is a captured bio-
polymer [4,5]. Co-polymer hydrogels have a high adsorp-
tion rate due to effective networking. Still, the most critical
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issue regarding adsorption by hydrogels is the increase in
adsorption rate and swelling of these hydrogels [6,7]. One
of the active and functional monomers in co-polymer bonds
is methacrylic acid, which has an effective bond due to its
acidic structure and high activity coefficient. The water
solubility of alkyl methacrylate’s is higher than that of
insoluble components.

Some functional esters have excellent solubility in water
or hydrolysis. Methacrylic acid and its common esters are
soluble in most organic solvents, so it can play an essential
role in the discussion of swelling [5-7]. Another effective
monomer in co-polymer bonding is acrylamide, which has
high bonding strength. It is a white, solid, odorless crystal-
line substance that dissolves in water, ethanol, ether, and
chloroform. Acrylamide decomposes into preacids, bases,
oxidizing agents, and iron salts. Decomposes without heat-
ing into ammonia and decomposes on heating to carbon
monoxide, carbon dioxide, and nitrogen oxides. Acrylamide
can be prepared by hydrolysis of acrylonitrile with nitrile
hydrate. Polyacrylamide is one of the cleaning agents used
to facilitate the purification of drinking water and the
removal of waste products. Polyacrylamide is also used to
manufacture adhesives, paper, plastics, and cosmetics [8,9].
Also, some hydrogels can decompose due to high heat and
pressure during adsorption. Today, some nanoparticles,
such as activated carbon, clay, industrial nanoparticles,
etc., are used to improve the performance and efficiency of
hydrogels [7,9]. Different nanoparticles have different effi-
ciencies and functions. This efficiency depends on the infla-
tion rate, the increase in research efficiency, and the final
research costs. In the discussion of hydrogels, increasing the
inflation rate is one of the most critical issues in selecting
the appropriate nanoparticles [9,10]. Today, hydrogels are
used in the field of pollutant adsorption [11], drug deliv-
ery [12], bioengineering [13], medicine [14], and agriculture
[15], which has made significant progress in these areas.
Different nanoparticles are used to strengthen hydrogel
bonds. The most common nanoparticles used in hydrogels
are chitosan-based nanoparticles [10], alginate [11], metals
such as silver [12], and clay. Clay nanoparticles are suit-
able for improving hydrogels” performance and mechanical
properties due to their availability, cheapness, high thermal
resistance, formation of regular octagonal networks, and
biodegradability [16,17]. By reinforcing them and increas-
ing the swelling rate of these hydrogels, clay nanoparticles
form bonds in the co-polymer networks of hydrogels, thus
increasing the volume and adsorption capacity. Types of
clay nanoparticles, such as natural and modified montmo-
rillonites such as Cloisite 30B, bentonite, kaolin, etc., are
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available [18-20]. These nanoparticles have a stable struc-
ture due to their octagonal structure and silicate bonds,
which increases the number of effective bonds between
these nanoparticles and the structure of co-polymer hydro-
gels [21]. Also, because these nanoparticles are extracted
from the environment, they are readily biodegradable and
recyclable [22]. Increasing the swelling of these hydrogels
with the help of clay nanoparticles can be used to adsorb
colored pollutants, heavy metal pollutants, oil cuts, and
other pollutants floating in surface water [23]. Increased
inflation can also be studied and used in polymer studies
such as drug delivery [24] and intelligent polymers [25],
and agriculture [26].

Hydrogels have attracted the attention of researchers
in various research fields. Hydrogels are a challenge for
researchers to synthesize hydrogels by different methods,
such as self-made gel, conducting hydrogels, free radicals,
or hydrogels reinforced with ionic conductors. Comparing
the properties and improving the performance of hydro-
gels in different ways has provided the basis for advanc-
ing various sciences involved with these hydrogels. For
example, the synthesis of conductive hydrogels based on
two-dimensional (2D) nanomaterials has made significant
progress in coating sensors. Or in the field of sensors, ionic
conductive hydrogels are used as skin sensors [27,28].

Among other parts of using hydrogels, we can mention
the construction of supercapacitors in the conduction field.
Hydrogels can enhance supercapacitors’ properties, such
as conduction, corrosion, and flexibility. One of the most
important and common uses of hydrogels is the removal
of dyes and heavy metals soluble in water. He mentioned
nanocomposite hydrogels for adsorbing pollutants such as
methylene blue, malachite green, rhodamine B, and iron,
calcium, and chromium ions. Strengthening many parts of
the structure of hydrogels, such as swelling, high conduc-
tivity, self-adhesion, and antifreeze ability, poses different
challenges for researchers to provide maximum efficiency
of hydrogels. [29,30].

The swelling rate of nanocomposite hydrogels is very
important because as the hydrogel swells, the number of
active sites increases, and it prepares for different reac-
tions. A hydrogel must have a high swelling rate and main-
tain its structure [13,14].

This study synthesized polymethacrylic acid co-poly-
mer hydrogels with acrylamide by a free radical mecha-
nism and added montmorillonite, bentonite, and Cloisite
30B clay nanoparticles (Fig. 1) to improve mechanical per-
formance and increase adsorption and swelling. Fourier-
transform infrared spectroscopy (FTIR), scanning electron
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Fig. 1. Nanoparticles structure, (a) bentonite, (b) montmorillonite, and (c) Cloisite 30B.
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microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), dot mapping, thermogravimetric analysis (TGA),
and X-ray diffraction (XRD) analysis were used to improve
the properties of nanocomposites. Also, to evaluate the
swelling of co-polymer hydrogels and nanocompos-
ite hydrogels, swelling tests were performed in 5%, 10%,
and 15% by weight of clay nanoparticles, and the effect of
increasing nanoparticles on the hydrogels was investigated.

2. Materials and methods

Methacrylic acid (MAA) (MW: 86.06 g/L) and acryl-
amide (AAm) (MW: 71.08 g/L) were purchased from (Merck,
Germany). N,N’-methylene bisacrylamide (MBA) cross-
linker (MW: 154.17 g/L) was also prepared from (Merck,
Germany). Potassium persulfate (KPS) was provided by
(Samchon, Korea); Cloisite 30B (Southern Clay, USA) was
obtained; bentonite was purchased from (Sigma-Aldrich,
Munich, Germany); and montmorillonite was obtained
from (Southern Clay Company, USA) and used without any
pretreatments.

2.1. Preparation of nanocomposite hydrogels

For the preparation of poly(methacrylic acid-co-acryl-
amide) hydrogel, poly(MMA-co-AAm)/bentonite, poly(M-
MA-co-AAm)/MMT, and poly(MMA-co-AAm)/Cloisite
30B nanocomposite hydrogels, the free radical polymer-
ization method was used. This method neutralized MAA
(5 g) with NaOH solution (8 mol/L) for future use. Neutral
methacrylic acid was poured into a nozzle with a mechan-
ical stirrer, nitrogen gas inlet, and water flow to regulate
Debby and the thermometer. Specific amounts of clay
nanoparticles (0%-15% by weight) were dispersed in 2 g
of acrylamide and 0.02 g of methylene bis-acrylamide as
a cross-linker and 10 mL of ionized water ultrasonic prep
device. This process was performed at 25°C for 30 min to
disperse the nanoclays in acrylamide solution. After com-
plete sonication, the solution was added to a three-necked
flask containing methacrylic acid. During the synthesis
process, nitrogen gas was blown continuously to fill the
medium and completely remove the oxygen molecules
from the synthesis medium. After mixing at 70°C, potas-
sium persulfate (KPS) was added to the flask as a primer
to generate free radicals. After 20-30 min of mixing the
synthesizing materials, a gel was formed. The heating
was stopped, and the gels were rested for 3-4 h to com-
plete the polymerization process. To remove non-reactive
monomers, the hydrogels were washed several times with
deionized water. The synthesized hydrogels were dried at
55°C for 48 h in an oven. The dried hydrogels were then
crushed in 250-500 um to be carefully tested at regular
sizes and stored for further use. Poly(methacrylic acid-co-
acrylamide) hydrogels, without nanoparticles, were syn-
thesized according to the above method for comparison.
Fig. 2 shows the flowchart of nanocomposite preparation.

2.2. Investigation of swelling behavior of hydrogels

An inflation test was performed to evaluate and com-
pare the swelling behavior of co-polymer hydrogels and
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Fig. 2. Flowchart for preparation of nanocomposite hydrogel.

nanocomposite hydrogels. For this purpose, 10 g of hydro-
gel was poured into 300 mL of deionized water and rested at
the same temperature for 48 h. The swollen hydrogels sus-
pended in water were then centrifuged to completely sepa-
rate from the aqueous phase. The hydrogels were weighed
after separation from ionized distilled water, then the swell-
ing rate of each was calculated by Eq. (1) and compared
with each other. With this method, besides investigating
the effect of adding clay nanoparticles on the swelling rate
of co-polymer hydrogels, the swelling effectiveness of ben-
tonite, montmorillonite, and Cloisite 30B clay nanoparticles
was also investigated compared [31-34].

Wwet B WDry (1)
W,

Dry

Swelling =

where W, and W, are the weight of wet and dry hydro-
gel samples, respectively. Fig. 3 shows the steps for per-
forming an inflation test.

2.3. Method of characterization

From FTIR, SEM, XRD, and TGA analysis to study the
structure and mechanical properties of poly(MMA-co-AAm)
co-polymer hydrogel and poly(MMA-co-AAm)/benton-
ite, poly(MMA-co-AAmM)/MMT, and poly(MMA-co-AAm)/
Cloisite 30B nanocomposite hydrogels were used. The
device (Tensor 27, Bruker, Germany) was used to investi-
gate the Fourier-transform X-ray spectroscopy. Materials
were scanned for extended analysis at 400-4,000 cm™. Field-
emission scanning electron microscopy (FE-SEM MIRA3,
FEG-SEM, TUSCAN, Czech Republic) was used to study the
surface morphology of hydrogels. This device is equipped
with X-ray scattering (EDX) analysis. The samples were
coated with gold-plated spray steam. The main samples’
thickness profiles were obtained using EDX and dot-map-
ping (Microanalysis Oxford Instruments Model 7718 INCA
PentaFET) to determine nanoclays’ distribution on nano-
composite hydrogels’ surface. X-ray diffraction measure
(Siemens 55000, Germany) was used to analyze XRD, X-ray
diffraction patterns equipped with a CuKa radiation source
with a scan speed of 0.2°/min at ambient temperature and a
40 kV and a current of 30 mA. The Bragg equation (nA = 2d
sinB) with A =4 1.5418 nm was used to calculate the silicate
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Fig. 3. Swelling test steps of poly(methacrylic acid-co-acrylamide)/Cloisite 30B hydrogel samples. (a) Powdered hydrogel,

(b) mixing hydrogel and distilled water and (c) swollen hydrogel.

layer’s base distance (d001). Also, this analysis was per-
formed in the range of diffraction angle (20) between 2° to
25°. The thermal stability of the samples was analyzed by
Thermography analysis by the analyzer (Linseis N81 A1750,
USA) at a heating rate of 10°C/min and in the temperature
range of 25°C-900°C in a nitrogen atmosphere. Also, swell-
ing test tests were used in the same environment for all
samples to test the effect of the contact time of the hydrogel
with the aqueous medium and change the swelling rate.

3. Results and discussion

FTIR, SEM, EDX, Map, TGA, and XRD analysis were
used to investigate nanocomposites’ properties. Also, the
swelling rate of nanocomposites in different amounts of
clay nanoparticles was discussed, and the results of each
will be examined.

3.1. Investigation of FTIR analysis

To study the structure of poly(MMA-co-AAm) co-poly-
mer hydrogel and poly(MMA-co-AAm)/bentonite, poly(M-
MA-co-AAm)/MMT, and poly(MMA-co-AAm)/Cloisite 30B
nanocomposite hydrogels from FTIR analysis was used.
Fig. 4 shows the spectroscopic results of hydrogel sam-
ples. As can be seen in Fig. 4a for poly(MMA-co-AAm)
co-polymer hydrogels, there are several peaks and vibration
intervals, with the peak at wavenumber 1,751.29 cm™ cor-
responding to the -COOH group tensile, which is formed
from the reaction of methacrylic acid and acrylamide mono-
mers, which confirms the existence of a co-polymer bond
between the monomers in the hydrogel [35]. The 1,651 cm™
wavenumber peak corresponds to the C=C group [36].
However, the intensity of the peaks decreases significantly,
and the wavenumbers are slightly distorted, which may be
attributed to the molecular bonding between the monomers
and the formation of a co-polymer bond. Also, the peak in
the wavenumber of 3,429.29 cm™ is related to the tension
of the hydrogen-nitrogen bond in the acrylamide structure.
The diagrams in Fig. 4b—d show the graphs of the broad
spectrum of poly(MMA-co-AAm)/bentonite, poly(MMA-
co-AAm)/MMT, and poly(MMA-co-AAm)/Cloisite 30B
nanocomposite hydrogels. In general, as shown in the dia-
grams, the number of vibrations has decreased compared
to the co-polymer hydrogel diagram. At the same time,
the wavenumbers have been slightly wider and longer,
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Fig. 4. Fourier-transform infrared spectra of (a) poly(MMA-
co-AAm) co-polymer hydrogel, (b) poly(MMA-co-AAm)/
bentonite, (c) poly(MMA-co-AAm)/MMT, and (d) poly(M-
MA-co-AAm)/Cloisite 30B nanocomposite hydrogels.

indicating the favorable effect of adding clay particles on
the hydrogel swelling [37]; in the results of the diagrams
of nanocomposite hydrogels (Fig. 4), the swelling of the
wavenumber intervals of the samples increases. Vibrations
in the range 1,600-1,700 cm™ are related to the co-polymer
bonds between MAA and AAm. Peaks in the structure of
nanocomposites in the range of 400-500 cm™ are asso-
ciated with the tensile strength of Si-O-Si and Si-O-Al.
Also, the vibrations in the diagram in the ranges above
2,000 cm™ are related to carbon and C-H hydrogel bonds.
The results of FTIR analysis show that the pores of nano-
composite hydrogels are widened for further swelling [38].

3.2. XRD analysis

The results of XRD analysis are shown in Figs. 5 and 6.
Fig. 5 shows the analysis results of bentonite, montmoril-
lonite, and Cloisite 30B nanoparticles. Also, Fig. 6 shows
the results of the analysis of poly(MMA-co-AAm) co-poly-
mer, poly(MMA-co-AAm)/bentonite, poly(MMA-co-AAm)/
MMT, and poly(MMA-co-AAm)/Cloisite 30B nanocom-
posite hydrogels. Fig. 3a relates to the bentonite diagram.
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Fig. 5. X-ray diffraction patterns of (a) bentonite, (b) MMT and
(c) Cloisite 30B.
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Fig. 6. X-ray diffraction patterns of (a) poly(MMA-co-AAm),
(b) poly(MMA-co-AAm)/bentonite, (c) poly(MMA-co-AAm)/
MMT, and (d) poly(MMA-co-AAm)/Cloisite 30B.

The peak observed in the range of 20 = 5°-10° (specified at
20 = 5.7°) corresponds to the base distance (d001) for the
bentonite nanoclay layer structure. In Fig. 5b of the mont-
morillonite diagram, the peaks observed at 20 = 6.92° and
20 =23.18° are related to the layered and octagonal structure
of the montmorillonite nanoparticles, respectively [39,40].
Also, Fig. 5c is related to the Cloisite 30B nanoparticle dia-
gram, from which the peak 20 = 4.53° can be seen, associated
with the nanoparticle layer structure [41]. Also, by exam-
ining Fig. 6a related to XRD polymer co-polymer hydro-
gel poly(MMA-co-AAm) and comparing it with the results
of poly(MMA-co-AAm)/bentonite, poly(MMA-co-AAm)/
MMT, and poly(MMA-co-AAm)/Cloisite 30B nanocomposite
hydrogels. As shown in Fig. 6b—-d, nanocomposite hydro-
gels’ structure means that by adding clay nanoparticles, the
structure of the hydrogels becomes layered and cohesive,
increasing the strength of the swelling [42].

3.3. Thermogravimetric analysis

Fig. 7 shows the TGA thermometric analysis results to
evaluate the samples’ thermal stability. The results of the
TGA analysis showed that weight loss of co-polymer and
nanocomposite hydrogel samples was performed in three
stages. The first stage of weight loss occurred at 50°C-150°C,
possibly due to the water content’s evaporation in the
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Fig. 7. Thermogravimetric analysis of (a) poly(MMA-co-AAm),
(b) poly(MMA-co-AAm)/bentonite, (c) poly(MMA-co-AAm)/
MMT, and (d) poly(MMA-co-AAm)/Cloisite 30B.

samples. At this stage, the weight loss of nanocomposite sam-
ples is more than the co-polymer hydrogel sample, which is
due to more water molecules in the structure of nanocom-
posite hydrogels. The second stage of weight loss was per-
formed in the temperature range of 200°C—450°C, where
the hydrogels lost a significant part of their weight, which
could be related to the destruction of acrylamide bonds and
the breakdown of monomer bonds. Also, the C—H bond of
methacrylic acid, which is the predominant monomer of the
hydrogel, decomposes at this stage. The final weight loss can
be due to the decomposition and destruction of the structure
of the mentioned materials, at which stage we see a slight
weight loss [41,43]. As shown in Fig. 7, adding bentonite,
montmorillonite, and Cloisite 30B nanoparticles increases
the thermal stability of nanocomposite hydrogels. In addi-
tion, the comparison of the samples shows that adding
nanoclay to the co-polymer hydrogel significantly increased
the thermal stability of the nanocomposites during the heat-
ing steps. This result may be due to the layered structure
of the nanoparticles. The strong interaction of hydrogen
bonds with methacrylic acid and acrylamide monomers
evaporates water molecules, breaks chains, and opens
nanocomposite layers, increasing nanocomposites” swelling
rate [44].

3.4. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

Surface morphology analysis by SEM was used to
study the surface changes and morphology of co-polymer
and nanocomposite samples. According to the results of
SEM analysis in Fig. 8, micrographs of co-polymer hydro-
gel samples and its comparison with nanocomposite sam-
ples, due to capillary forces, water is adsorbed through the
pores between the hydrogels, and the higher the swelling,
the larger the pores. Swelling in hydrogels depends on the
size and distance between the particles. The shapes of nano-
composite hydrogel samples show the opening of pores and
layers and increased swelling power [45]. Fig. 9 shows the
point mapping results of nanocomposite hydrogels with Si
distribution as markers. Excellent and regular dispersion
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Fig. 8. Scanning electron microscopy for (a) poly(MMA-co-AAm), (b) poly(MMA-co-AAm)/bentonite, (c) poly(MMA-co-AAm)/
MMT, and (d) poly(MMA-co-AAm)/Cloisite 30B (SEM HV: 15 kV, view field: 2.54 um, and SEM Mag: 50.0 kx).

Fig. 9. Dot mapping image of poly(MAA-co-AAm)/10 wt.%
MMT (accelerating voltage (kV): 15.0), crystal: Si, and magnifi-
cation: 2,500).

and no accumulation of nanoparticles can be observed
in the hydrogel matrix. After adsorbing water and swol-
len pores and surface roughness, the hydrogels are almost
saturated due to the penetration of water molecules in the
pores [46]. Also, stable dispersion of Cloisite 30B nanopar-
ticles compared to other nanoparticles shows a favorable
effect compared to other cases. The SEM analysis also found
that the distribution of clay nanoparticles in the matrix of

Table 1
Swelling test results of the co-polymer and nanocomposite
hydrogel samples with different percentages of nanoparticles

Nanoclay (wt.%) hydrogel 0 5 10 15
Poly(MMA-co-AAm) 2735 - - -
Poly(MMA-co-AAm)/bentonite - 1,200 2,500 2,100
Poly(MMA-co-AAm)/MMT - 1,900 2,850 2,300
Poly(MMA-co-AAm)/Cloisite 30B - 2,400 3,500 3,000

co-polymer bonds was regular, proving that the number of
active matrices of nanocomposite hydrogels has increased
and increased the strength and efficiency of the hydrogel.
This study shows that the presence of nanoparticles has
increased the efficiency of hydrogels (for example, in the field
of water-soluble pollutant adsorption, it increases the amount
of adsorption).

3.5. Effect of different types of clay nanoparticles on swelling

The inflation rate of the studied samples was examined.
The results are presented in Table 1 and Fig. 10. Examples
include poly(MMA-co-AAm) co-polymer hydrogel without
the addition of nanoparticles and compare it with the results
of poly(MMA-co-AAm)/bentonite, poly(MMA-co-AAm)/
MMT, and poly(MMA-co-AAm)/Cloisite 30B nanocomposite
hydrogels with 5%, 10%, and 15% by weight. As it is clear
from the results, the addition of bentonite, MMT & Cloisite
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Comparison of swelling of poly(MAA-co-AAm) hydrogel and nanocomposites hydrogel with other hydrogels in swelling rate

Hydrogel Swelling (%) Application References
Dextran/nanocrystalline (3-tricalcium phosphate 530 Medical [48]
Poly(acrylamide-co-itaconic acid)/MWCNT 460 Adsorption [49]
Oxidized starch/ZnO 1,260 Medical [32]
CMC/polyvinylpyrrolidone/silica 890 Agriculture [50]
Starch-g-poly(AA-co-AAm)/polyvinyl alcohol/clino 370 Hygiene products [51]
N-isopropylacrylamide/MMT 550 Drug delivery [52]
Poly(N-isopropylacrylamide) 1,600 Adsorption [53]
Poly(acrylamide-co-itaconic acid)-hydroxyapatite 1,800 Swelling [54]
Starch-g-poly(4-acrylamidobenzoic acid)/polycaprolactone 10 2,600 Drug delivery [15]
Chitosan/MMT-poly(2-acrylamido-2-methylpropane sulfonic acid) 700 Medical & drug delivery [16]
Poly(MAA-co-AAm) 273.5 Adsorption, medical & This work
drug delivery
Poly(MAA-co-AAm)/bentonite 2,500 Adsorption, medical & This work
drug delivery
Poly(MAA-co-AAm)/MMT 2,850 Adsorption, medical & This work
drug delivery
Poly(MAA-co-AAm)/Cloisite 30B 3,500 Adsorption, medical & This work
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Fig. 10. Swelling test results of co-polymer and nanocomposite
hydrogel samples with different percentages of nanoparticles.

30B-type clay nanoparticles has significantly improved the
swelling rate of hydrogel samples. In addition, by compar-
ing the swelling of hydrogels, we observe that with increas-
ing the weight percentage of the samples, the swelling rate
increases, but after 10% by weight, due to the saturation of
the active sites of the hydrogels and bonding with nanopar-
ticles, the swelling rate decreases [47]. Also, the effectiveness
of Cloisite 30B clay nanoparticles is higher than bentonite
and MMT. Table 2 also compares inflation test results with
similar studies of other hydrogels. A high swelling rate is
critical, along with maintaining the structure of the hydro-
gel. Comparing the research results with similar results of
other studies, it is clear that the swelling rate of the nano-
composite hydrogels studied is very high. Also, from the
SEM results, it is clear that the structure of the hydrogels
is maintained. On the other hand, investigating the swell-
ing rate of hydrogels shows an increase in the strength of

hydrogels and the stability of water retention in the active
matrices of hydrogels after adding clay nanoparticles.

4. Conclusion

Structural characterization was performed by FTIR,
XRD, SEM, EDX, and TGA techniques. The XRD analysis
found that the peaks in the region of 20 = 5 nanoparticles
were destroyed after the formation of the hydrogel, which
indicates the opening of the hydrogel layers. FTIR analysis
showed that adding clay nanoparticles did not change the
main structure of the hydrogel. Still, as the wavelengths of
the nanocomposites widened, it was found that the accep-
tance capacity of the active sites increased. Also, XRD anal-
ysis found that the initial peaks of the co-polymer hydrogel
are widely reduced by adding clay nanoparticles, which indi-
cates structural cohesion. SEM results showed that adding
clay nanoparticles expands the structure of hydrogels and
increases the number of active sites. TGA analysis showed
that adding clay nanoparticles significantly increased the
hydrogels’ thermal stability so that the co-polymer hydro-
gel’s weight loss was reduced by adding nanoparticles from
90% by weight to about 83%. To conclude, by examining the
swelling rate of co-polymer and nanocomposite hydrogels,
it was found that adding clay nanoparticles significantly
increases the swelling rate of the hydrogel and poly(MMA-
co-AAm)/Cloisite 30B nanocomposite hydrogel by 10% by
weight. It had the highest inflation. Cloisite 30B type clay
nanoparticles showed the most significant effect on swelling,
3,500% in poly(MAA-co-AAm)/10% Cloisite 30B hydrogel.
From the results obtained by comparing the studied hydro-
gels with similar works, it is clear that the synthesized nano-
composite hydrogels have a significant advantage in high
swelling rate and structural strength, making this study
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successful. The hydrogels synthesized in this study can
be used in the adsorption of pollutants and drug delivery.
Also, due to the biodegradability of hydrogel ingredients,
it can be used on a large scale in the environment.
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