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Abstract: The gamma radiation technique is simple and time-saving for the synthesis of pure
hydrogels. The present work focuses on synthesizing and characterizing Diallyldimethylammo-
nium Chloride-Acrylic acid-(3-Acrylamidopropyl) trimethylammonium Chloride (DADMAC-AAc-
APTAC) superabsorbent hydrogels. The hydrogels were synthesized by applying gamma radiation
of different doses (2 kGy to 30 kGy) to two different compositions of monomers. The equilibrium
swelling was found to be 33483.48% of dried gel for a 1:0.5:1 composition ratio of monomers at a
2 kGy radiation dose. Therefore, on the basis of equilibrium swelling, 2 kGy is the optimum radiation
dose for synthesizing the hydrogel. Fourier transform infrared (FTIR), nuclear magnetic resonance
(NMR) spectroscopy, and X-ray diffraction (XRD) characterization techniques were used to analyze
and confirm the structure of the hydrogel. Thermogravimetric analysis (TGA) and Scanning electron
microscopy (SEM) equipped with energy dispersive spectroscopy (EDS) clearly showed the thermal
stability and surface morphology of the gel. Therefore, it can be concluded that hydrogels can be
used in metal adsorption, drug delivery, and other fields of study.
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1. Introduction

Hydrogels are three-dimensional polymeric networks prepared by physical or chemi-
cal cross-linking /grafting among monomers, or monomers and polymers that can retain
a large amount of water in them without dissolving [1]. Ordinary hydrogels have many
drawbacks such as lower equilibrium swelling and less efficiency in application sites [2]. If
the hydrogels can swell and hold water more than 100 times their original weight, then it is
referred to as a superabsorbent hydrogel (SH) [3,4]. There are various functional groups
such as -NH,, -OH, -COOH, -CONH,, -CONH-, and -SO3H that are responsible for the
swelling and hydrophilicity of the hydrogels [5]. The greater the number of those functional
groups, the higher the equilibrium swelling leading to the super-absorbency [6,7]. SHs are
extensively used in selective metal adsorption [8], drug delivery [9], agriculture [10], cell
encapsulation [11], biosensors [12], etc. SHs are recently getting concerned with sanitary
and hygiene applications studied by Peenal et al. [13]. Syed Sikandar Shah et al. reported
that the SHs can also be incorporated with activated charcoal for selective adsorption
of methylene blue dye which shows an excellent result [14]. In our previous work, we
prepared APTAC-AAc hydrogel whose maximum equilibrium swelling was found to be
246 g/g of gel [15]. To improve the water absorbency and metal adsorption efficiency, the
new monomer can be incorporated with the existing monomers. (3-Acrylamidopropyl)
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trimethylammonium chloride (APTAC) is a vinylic monomer with an ammonium chlo-
ride ionic part that can form superabsorbent hydrogel and facilitate the metal adsorption
selectively from the multielement solution [16]. Acrylic acid (AAc) is the precursor of
many polymeric hydrogels as well as a linking agent between two giant monomers or
polymers [17]. Diallyldimethylammonium Chloride (DADMAC) is also a vinylic giant
monomer containing tertiary ammonium chloride salt part which can be used for prepar-
ing ion exchangeable superabsorbent hydrogel copolymer [18]. Recently, its polymers
were used as cationic adsorbent to adsorb negatively charged colloid materials [19], DNA
carriers [20], in the paper and pulp industries [21], and industrial dye adsorption [22]. Due
to water solubility, non-toxicity, hydrophilicity, and eco-friendly properties, it is an excellent
candidate to be grafted or crossed-linked with other monomers resulting in the functional
superabsorbent hydrogel. Tim B. Mrohs et al. prepared a superabsorbent hydrogel of DAD-
MAC by using N, N-methylene bis acrylamide (BIS) cross-linker showing the maximum
swelling capacity of 360 g/g gel and there are no studies on thermal stability [23]. Ziging
Tang et al. reported anionic dye adsorption by using DADMAC-based hydrogels which
insists that further studies in increased swelling and application on metal adsorption [22].
Improvement of swelling of functional hydrogel is required to extend the efficiency of
metal adsorption and release kinetics in drug delivery. Previously reported superabsorbent
hydrogels show higher equilibrium swelling, but most of them are not functional (do not
show selective adsorption to a specific metal). Congwei Li et al. prepared fluorescent
chitosan hydrogel for selective detection and adsorption of Hg?*/Hg*. However, the hy-
drogels are not superabsorbent and the swelling ratio is not higher (~1.6) which limits the
adsorption capacity [24]. Incorporation of DADMAC monomer with APTAC in hydrogel
may increase the equilibrium swelling and adsorption efficiency. There are several ways of
synthesis of hydrogel including chemical and radiation polymerization [25]. The Chemical
method needs an initiator and cross-linking agent to proceed with the reaction where pure
hydrogels cannot be obtained. On the other hand, radiation polymerization does not re-
quire an initiator or cross-linking agent for the polymerization among monomers resulting
in pure hydrogels [26]. Gamma radiation is high energy (>5 keV, <0.25 A° wavelength,
>12 EHz) electromagnetic radiation that can affect the properties of materials by producing
free radicals leading to the formation of co-polymer [27]. One of the most used sources of
gamma-rays are Co-60, which are not naturally abundant but can be produced by bom-
barding a Co-59 with a slow neutron [28]. The molecules containing double bonds interact
with radiation in an aqueous medium to produce graft/cross-linked co-polymer through a
free radical mechanism where no cross-linking agent and reaction initiator is needed [29].
All of the above-mentioned-monomers have a vinyl group in their structure which may
easily interact to produce free radicals resulting in the graft/cross-linked co-polymer. Re-
cently, Ion Calina et al. synthesized superabsorbent hydrogel from xanthan gum/Sodium
carboxymethylcellulose/graphene oxide by applying e-beam radiation where the highest
swelling degree is 6000% only at a higher radiation dose of 15 kGy [7]. Abdul Haleem et al.
also reported gamma radiation-induced hydrophobic cryogels for the adsorption of organic
solvents and oils [30]. However, the superabsorbent hydrogel from the combination of
DADMAC and APTAC has yet not been studied by applying gamma radiation. The main
objective of the present work is to synthesize DADMAC-AAc-APTAC superabsorbent
hydrogel by applying different doses of gamma radiation and then characterization.

2. Results and Discussion
2.1. Radiation Polymerization of DADMAC-AAc-APTAC

Radiation polymerization gives a pure yield because of not using the cross-linking
agent and initiator. In this work, radiation from the Cobalt-60 source was applied and
synthesized gels. Gamma radiation interacts with the vinyl part of the raw materials to pro-
duce free radicals which propagate and terminate to yield the final polymeric gel. Gamma
radiation was irradiated on the blend solution of different compositions of monomers. The
solution of DADMAC and APTAC does not give directly hydrogel products upon irradia-
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tion. However, in presence of AAc, they undergo gel formation which can be attributed
to the bulky groups of APTAC and DADMAC hindering the movement of monomers to
get close proximity and collision for proceeding with the reaction [31]. Small group AAc
is turned into free radicals and acts as a linker between two big crowded monomers [32].
Scheme 1 shows the probable radiation polymerization in aqueous media.
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Scheme 1. Probable polymerization of DADMAC-AAc-APTAC hydrogel.



Gels 2023, 9, 159

40f13

2.2. Effect of Radiation Dose on APTAC-AAc-DADMAC Gel Content

Gel fraction is the amount of gel produced and extracted by removing unreacted
contaminants from the gel network. Figure 1 shows the effect of radiation dose on the
gel production during the reaction among monomers. The figure indicates the smaller
gel production at a lower dose following the increasing trend till 10 kGy, then starts
decreasing [33]. At lower radiation doses, all the particles of raw materials cannot be
activated for the reaction which lessens the gel fraction [34,35]. The figure also reflects the
effect of the concentration of monomers where the higher concentration (10%) of acrylic
acid in the blend solution gives a higher gel fraction compared to the lower concentration
(5% acrylic acid). This is due to the greater number of grafting and cross-linking among the
monomers as a larger number of molecules feel irradiation. Owing to the steric hindrance,
all of the free radicals of larger monomers cannot propagate to produce their own homo-
polymer. Acrylic acid is a smaller monomer than APTAC and DADMAC, which is why it
can link the big monomers giving the cross-linked and grafted copolymers.
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Figure 1. Effect of radiation dose on gel fraction of hydrogel.

2.3. Effect of Radiation Dose on Equilibrium Swelling of Gels

The equilibrium swelling of hydrogels is the most important and significant property
of hydrogel as many applications depend on it. Figure 2 represents the equilibrium
swelling of hydrogels of both compositions as the function of the radiation dose applied
for synthesizing gels. Both the composition ratio 1:1:1 and 1:0.5:1 of DADMAC: AAc:
APTAC show a swelling percentage of about 12,300.23% and 33,483.48% for the radiation
dose of 2 kGy which follows the declining trends up to 30 kGy radiation dose. At higher
radiation doses, a greater number of monomers become activated to make the network
of polymer denser. Moreover, the concentration of acrylic acid affects elaborately on the
water absorption can be attributed to the lower amount of acrylic acid linker making wider
void space inside the hydrogel networks. In the composition of a 1:0.5:1 ratio, a lower
concentration of acrylic acid facilitates higher swelling. Thus, the swelling is higher for
lower radiation dose (2 kGy) and acrylic acid content (5%). The author previously reported
on APTAC-AAc superabsorbent hydrogel having ~24,600% equilibrium swelling at neutral
pH (6.5~7.5). In this study, the hydrogels are showing better swelling. Figure 3 exhibits
the hydrogel before and after swelling in water at room temperature where the swelling
behavior is observed.
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Figure 2. The effect of gamma radiation dose on equilibrium swelling of the hydrogel at room temperature.

Figure 3. DADMAC-Aac-APTAC hydrogel before and after swelling.

2.4. Characterization of Hydrogel by FTIR Spectroscopy

FTIR spectroscopy of DADMAC-Aac-APTAC gel was measured by using the KBr
reference. Figure 4 Presents the spectrum of gel which indicates the peak at 3447 cm~! for
N-H stretching of secondary amide overlapping with O-H of carboxylic acid. The peak
at 2958 cm ! is for C-H stretching. The other characteristic peaks at 1636 cm ™! for -C=0
of tertiary amide, 1257 cm~! (medium intensity) for C-O of carboxylic acid, 1080 cm~!
for —C-N stretching of tertiary amide and 797 cm~! for -N-H out of plane bending [36].
Thus, the presence of -N-H and —C-N peaks belong to the amide group which indicates the
copolymerization between DADMAC and APTAC monomers via acrylic acid linkage.

2.5. X-ray Diffraction Analysis

Whether the hydrogel is crystalline or amorphous was examined with an X-ray diffraction
pattern run with a scene rate of 2 °C over a 26 range of 2 °C to 70 °C. Figure 5 shows the
X-ray diffraction graph where the broad peak at 20.5 °C indicates the amorphous structures
of the hydrogel. The presence of the quaternary ammonium group hinders the formation of



Gels 2023, 9, 159

6 of 13

the crystal structure of the polymer resulting in the amorphous structure of the DADMAC-
AAc-APTAC gel. Furthermore, the hydrogen bonding broad peak 260 = 12 °C to 32 °C
corresponds to the coherent diffraction of the cross-linking network [37]. Since there is no
obvious diffraction peak in the range of 26 =2 °C to 70 °C, so, the hydrogel belongs to the
amorphous structure.
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Figure 4. FTIR spectrum of DADMAC-AAc-APTAC hydrogel.
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Figure 5. XRD spectrum of DADMAC-AAc-APTAC hydrogel.

2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy

Proton nuclear magnetic resonance (\H NMR) spectrum hydrogel was measured in
dimethyl sulfoxide (DMSO) solvent for studying the different environments of the proton
of the gel. 'H NMR spectrum supports the other analysis methods in confirming the
preparation of hydrogel. Hydrogel displays the following corresponding signals (Figure 6):
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The peak at 1.8 ppm corresponds to methylene (-CH;) proton (carbon no. 2,3,6,8), at
2.4 ppm for -CH- proton of ring part of DADMAC (carbon no. 1, 4), at 2.5 ppm for -CHj-
of propyl group of amide (carbon no. 12), doublet peak at 2.9 ppm and 3.0 ppm are for
the proton of quaternary ammonium part of DADMAC (-CHjs); and APTAC (-CHs)s,
respectively, peak at 3.6 ppm and 3.9 ppm for -NH-CH, (carbon no. 11) and *N-CH,
(carbon no. 13) protons. The doublet peaks at 5.6 ppm and 6.1 ppm are for -CH of the
APTAC-AAc chain (carbon no. 7 and 9). The proton of -NH and -COOH show peaks at
8.1 ppm and 8.4 ppm [36,38-40]. Thus, the 'H NMR supports the FTIR in confirming the

preparation of DADMAC-AAc-APTAC hydrogel.
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Figure 6. 1TH NMR of DADMAC-AAc-APTAC hydrogel.

2.7. Thermogravimetric Analysis (TGA)

Thermal analysis is important to know the thermal stability over a range of tempera-
tures indicating whether the gels are applicable in different fields of study. To know the
thermal change in the hydrogel, thermogravimetric analysis was run at a 10 °C scene rate
over a temperature range from 25 °C to 800 °C. Figure 7 illustrates the weight loss (%) of
hydrogel through two stages as a function of temperature increases gradually. In the first
stage, temperature changes from 25 °C to 150 °C due to the releasing of moisture from the
void space of hydrogel with a weight loss of 3% of the original weight. The second stage
represents the polymer degradation from 150 °C to 480 °C temperature for the degradation
of carbonaceous products where the mass loss is 92% and the residual mass of 8%. The
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maximum degradation was observed at 471 °C [37]. Therefore, the hydrogel is thermally
stable enough to use in different fields of study.
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Figure 7. TGA graph of DADMAC-AAc-APTAC gel prepared by 2 kGy radiation dose.

2.8. Surface Analysis by SEM-EDS

SEM-EDS images of DADMAC-AAc-APTAC hydrogel prepared by 2 kGy radiation
dose and 1:0.5:1 composition are illustrated in Figure 8. Figure 8a shows SEM of gel with a
smooth surface morphology bearing an entangled network of hydrogel polymer. Figure 8b
represents the significant constituent elements of the hydrogel are Carbon (C), Nitrogen
(N), Oxygen (O), and Chlorine (Cl) of quaternary ammonium salt, and the compositional
percentage is listed in Table 1. Therefore, it can be concluded that the monomers have
undergone polymerization perfectly without disrupting their structure.
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Figure 8. Cont.
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Figure 8. (a) SEM and (b) EDS of DADMAC-AAc-APTAC hydrogel.

Table 1. Composition of significant elements of hydrogel.

Element Weight % Weight % Sigma
Carbon (C) 59.15 0.59
Nitrogen (N) 7.55 0.76
Oxygen (O) 28.38 0.40
Chlorine (Cl) 492 0.08
Total: 100

3. Conclusions

In this work, DADMAC-AAc-APTAC superabsorbent hydrogels were prepared suc-
cessfully by applying various doses (2 kGy to 30 kGy) of gamma radiation. The gel
fraction was found maximum at 10 kGy radiation dose for both compositions of monomers.
Since the aim of this work is to prepare superabsorbent hydrogel, the radiation dose was
optimized on the basis of equilibrium swelling which was found to be 2 kGy for both
compositions. The composition 10% DADMAC: 5% AAc: 10% APTAC gives the best equi-
librium swelling result at pH 6.5~7.5 is about 33,483.48% of the dried weight of the gel at
room temperature. The copolymerization between DADMAC and APTAC was confirmed
by FTIR and NMR spectroscopic analysis. XRD showed the amorphous structure of the
hydrogel and thermogravimetric analysis (TGA) revealed thermal stability. SEM-EDS
showed a smooth surface and significant elements of the gel structure. So, the hydrogels
can be prepared at lower radiation doses (2 kGy) for application in different fields of study
such as metal adsorption, drug delivery, etc.

4. Materials and Methods
4.1. Materials and Reagents

(3-Acrylamidopropyl) trimethylammonium chloride, Diallyldimethylammonium Chlo-
ride, and Acrylic Acid were purchased from Sigma Aldrich, Germany. All samples were
prepared using ultra-pure water and the temperature was kept at 198 K for the experiments.
The pH of the solutions was maintained by using nitric acid (HNO3) and ammonium
hydroxide (NH4OH).
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4.2. Apparatus and Instruments

Functional groups of DADMAC-AAc-APTAC hydrogel were analyzed by FTIR spec-
troscopy (Thermo Scientific Nicolet iSS50R FI-IR). Proton and Carbon NMR were performed
by using JMTC-500/54/]]. Measurement of thermal properties of a pre-dried gel was car-
ried out by Thermogravimetric analysis(TGA) (TGA 8000, PerkinElmer, Waltham, USA)
under a continuous Ny gas flow and heating rate of 10 °C/min. Whether the hydrogel is
crystalline or amorphous was confirmed by X-Ray Diffraction (XRD, Rigaku Smart Lab,
Tokyo, Japan (Lamda = 1.54059 Angstrom)) analysis. The surface morphology of dried
hydrogels was observed with an SEM (JEOL, JSM-7900F) equipped with an EDS and with
platinum coating.

4.3. Synthesis of DADMAC-AAc-APTAC Hydrogels by Gamma Radiation

An aqueous blend solution of DADMAC, AAc, and APTAC was prepared by mixing
their individual solution in a round bottom flask with stirring at 500 rpm and room
temperature. The different ratio of the monomers was maintained to optimize the better
products shown in Table 2. The mixed solution was then taken in glass tubes followed
by the passing of N; gas to remove air from the tube. The samples were subjected to
irradiation with a gamma source (Co-60) at different radiation doses (kGy) ranging from
2 to 30 kGy (Table 3) over a certain period of time. The Co-60 gamma source is the point
source that emits different radiation doses as a function of irradiation time and distance
between the sample and the gamma source. After irradiation, the hydrogels were collected,
cut into small pieces, and dried at 50 °C temperature.

Table 2. Different composition of raw materials and observation after gamma irradiation.

Composition of Raw Materials Observation
DADMAC (10%) + APTAC (10%) No hydrogel found
DADMAC (10%) + AAc (10%) + APTAC (10%) Solid Hydrogel found
DADMAC (10%) + AAc (5%) + APTAC (10%) Solid Hydrogel found

Table 3. Radiation dose and respective gel products for APTAC + AAc + DADMAC.

Radiation Dose (kGy) 2 5 10 20 30
Gel Product Solid gel Solid gel Solid gel Solid gel Solid gel

4.4. Post-Synthesis Analysis
4.4.1. Extraction and Measurement of Gel Content

The dried and weighed gels were extracted in water at 40 °C by keeping the gels in
a beaker containing ultra-pure water for 24 h. After 24 h of soaking, the samples were
taken and dried in an oven at 40 °C to constant weight. During extraction, the unreacted
monomers and unwanted contaminants leave the hydrogel network. From the two weights
of dried gels, (before and after extraction) the gel content was calculated by using the
following equation:

W
Gel fraction [%] = W(l) x 100% 1)

where Wy and W are the dried-gel weights before extraction and after extraction, respectively.

4.4.2. Measurement of Super-Absorbency at Equilibrium Swelling

Equilibrium swelling was measured by keeping the dried hydrogels in aqueous media
of neutral pH (6.5~7.5) at room temperature. After 24 h, the samples were taken out and
blotted with filter paper and weight. To check the constant weight, the samples were kept
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soaking for up to 26 h and found no change in weight. The equilibrium swelling was
evaluated from the dried and swelled weight of hydrogels by using the following equation:

Wi — Wy
1

Water absorption [%] = x 100% ()

where W; and W; are the dried-gel weight and the gel weight after swelling in the solution
respectively. The water absorption was repeated three times.

Author Contributions: M.M.B.: Conceptualization, Investigation, Methodology, Validation, Data
curation, Writing—original draft. ]J.-H.J.: writing—review, editing and Advisor. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by Korea Institute of Energy Technology Evaluation and
Planning (KETEP) grant funded by the Korea government (MOTIE) (20223030020070), and by the
Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the Korea
government (MOTIE) (2021202080023B).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: BHUYAN: MD (2022), “DADMAC-AAc-APTAC superabsorbent Hydro-
gel”, Mendeley Data, V1, https://doi/org/10.17632 /b47zht4$\times$2t.1 (accessed on 5 February 2023).

Acknowledgments: This work was supported by Korea Institute of Energy Technology Evaluation
and Planning (KETEP) grant funded by the Korea government (MOTIE) (20223030020070, Devel-
opment of an X-ray-based non-destructive inspection platform for maintaining the blade lightning
system), and also supported by the Korea Institute of Energy Technology Evaluation and Plan-
ning (KETEP) grant funded by the Korea government (MOTIE) (2021202080023B, Development and
demonstration of thermoelectric power generation system for marine application by waste heat
utilization). The gamma-ray irradiation was applied from “Center for Accelerator and Beam Applied
Science” of Kyushu University, Japan.

Conflicts of Interest: Authors have no conflict of interest.

References

1. Ullah, E; Othman, M.B.H.; Javed, F.; Ahmad, Z.; Akil, H.M. Classification, Processing and Application of Hydrogels: A Review.
Mater. Sci. Eng. C 2015, 57, 414-433. [CrossRef]

2. Zhao, X.; Huang, Y.; Tian, X.; Luo, J.; Wang, H.; Wang, ].; Chen, Y,; Jia, P. Polysaccharide-Based Adhesive Antibacterial and
Self-Healing Hydrogel for Sealing Hemostasis. Biomacromolecules 2022, 23, 5106-5115. [CrossRef]

3. Gharekhani, H; Olad, A.; Mirmohseni, A.; Bybordi, A. Superabsorbent Hydrogel Made of NaAlg-g-Poly(AA-Co-AAm) and Rice
Husk Ash: Synthesis, Characterization, and Swelling Kinetic Studies. Carbohydr. Polym. 2017, 168, 1-13. [CrossRef]

4. Darwish, A,; El-Sayed, N.S.; Al Kiey, S.A.; Kamel, S.; Turky, G. Polyanionic Electrically Conductive Superabsorbent Hydrogel
Based on Sodium Alginate-g-Poly (AM-Co-ECA-Co-AMPS): Broadband Dielectric Spectroscopy Investigations. Int. ]. Biol.
Macromol. 2023, 232, 123443. [CrossRef]

5. Varaprasad, K.; Raghavendra, G.M.; Jayaramudu, T.; Yallapu, M.M.; Sadiku, R. A Mini Review on Hydrogels Classification and
Recent Developments in Miscellaneous Applications. Mater. Sci. Eng. C 2017, 79, 958-971. [CrossRef]

6.  Richbourg, N.R.; Peppas, N.A. The Swollen Polymer Network Hypothesis: Quantitative Models of Hydrogel Swelling, Stiffness,
and Solute Transport. Prog. Polym. Sci. 2020, 105, 101243. [CrossRef]

7. Calina, I.; Demeter, M.; Scarisoreanu, A.; Micutz, M. Development of Novel Superabsorbent Hybrid Hydrogels by E-beam
Crosslinking. Gels 2021, 7, 189. [CrossRef]

8. Bhuyan, M.M.; Adala, O.B.; Okabe, H.; Hidaka, Y.; Hara, K. Selective Adsorption of Trivalent Metal Ions from Multielement
Solution by Using Gamma Radiation-Induced Pectin-Acrylamide-(2-Acrylamido-2-Methyl-1-Propanesulfonic Acid) Hydrogel.
J. Environ. Chem. Eng. 2019, 7, 102844. [CrossRef]

9.  Hoffman, A.S. Hydrogels for Biomedical Applications. Adv. Drug Deliv. Rev. 2012, 64, 18-23. [CrossRef]

10. Qu, B; Luo, Y. Chitosan-Based Hydrogel Beads: Preparations, Modifications and Applications in Food and Agriculture SectorsA
Review. Int. J. Biol. Macromol. 2020, 152, 437—448. [CrossRef]

11. Lu, Y.C;Song, W.; An, D.; Kim, B.J.; Schwartz, R.; Wu, M.; Ma, M. Designing Compartmentalized Hydrogel Microparticles for

Cell Encapsulation and Scalable 3D Cell Culture. J. Mater. Chem. B 2015, 3, 353-360. [CrossRef]


https://doi/org/10.17632/b47zht4$\times $2t.1
http://doi.org/10.1016/j.msec.2015.07.053
http://doi.org/10.1021/acs.biomac.2c00943
http://doi.org/10.1016/j.carbpol.2017.03.047
http://doi.org/10.1016/j.ijbiomac.2023.123443
http://doi.org/10.1016/j.msec.2017.05.096
http://doi.org/10.1016/j.progpolymsci.2020.101243
http://doi.org/10.3390/gels7040189
http://doi.org/10.1016/j.jece.2018.102844
http://doi.org/10.1016/j.addr.2012.09.010
http://doi.org/10.1016/j.ijbiomac.2020.02.240
http://doi.org/10.1039/C4TB01735H

Gels 2023, 9,159 12 0f13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Bae, J.; Park, J.; Kim, S.; Cho, H.; Kim, H.J.; Park, S.; Shin, D.S. Tailored Hydrogels for Biosensor Applications. J. Ind. Eng. Chem.
2020, 89, 1-12. [CrossRef]

Mistry, P.A.; Konar, M.N,; Latha, S.; Chadha, U.; Bhardwaj, P.; Eticha, T.K. Chitosan Superabsorbent Biopolymers in Sanitary and
Hygiene Applications. Int. J. Polym. Sci. 2023, 2023, 4717905. [CrossRef]

Shah, S.S.; Ramos, B.; Teixeira, A.C.S.C. Adsorptive Removal of Methylene Blue Dye Using Biodegradable Superabsorbent
Hydrogel Polymer Composite Incorporated with Activated Charcoal. Water 2022, 14, 3313. [CrossRef]

Bhuyan, M.M.; Jophous, M.; Jeong, J.H. Synthesis and Characterization of Gamma Radiation-Induced (3-Acrylamidopropyl)
Trimethylammonium Chloride-Acrylic Acid Functional Superabsorbent Hydrogel. Polym. Bull. 2022, 1-14. [CrossRef]

Sahiner, N.; Demirci, S.; Sahiner, M.; Yilmaz, S.; Al-Lohedan, H. The Use of Superporous p(3-Acrylamidopropyl) Trimethyl
Ammonium Chloride Cryogels for Removal of Toxic Arsenate Anions. J. Environ. Manag. 2015, 152, 66-74. [CrossRef]
Sennakesavan, G.; Mostakhdemin, M.; Dkhar, L.K.; Seyfoddin, A.; Fatihhi, S.J. Acrylic Acid/Acrylamide Based Hydrogels and Its
Properties—A Review. Polym. Degrad. Stab. 2020, 180, 109308. [CrossRef]

Korpe, S.; Erdogan, B.; Bayram, G.; Ozgen, S.; Uludag, Y.; Bicak, N. Crosslinked DADMAC Polymers as Cationic Super Absorbents.
React. Funct. Polym. 2009, 69, 660—-665. [CrossRef]

Pirgaliogly, S.; Ozbelge, T.A.; Ozbelge, H.O.; Bicak, N. Crosslinked PolyDADMAC Gels as Highly Selective and Reusable
Arsenate Binding Materials. Chem. Eng. J. 2015, 262, 607-615. [CrossRef]

Hebeish, A.; Sharaf, S. Novel Nanocomposite Hydrogel for Wound Dressing and Other Medical Applications. RSC Adv. 2015,
5,103036-103046. [CrossRef]

Balea, A.; Fuente, E.; Concepcion Monte, M.; Merayo, N.; Campano, C.; Negro, C.; Blanco, A. Industrial Application of
Nanocelluloses in Papermaking: A Review of Challenges, Technical Solutions, and Market Perspectives. Molecules 2020, 25, 526.
[CrossRef] [PubMed]

Tang, Z.; Guo, H; Xu, J.; Li, Z.; Sun, G. Cationic Poly(Diallyldimethylammonium Chloride) Based Hydrogel for Effective Anionic
Dyes Adsorption from Aqueous Solution. React. Funct. Polym. 2022, 174, 105239. [CrossRef]

Mrohs, T.B.; Weichold, O. Multivalent Allylammonium-Based Cross-Linkers for the Synthesis of Homogeneous, Highly Swelling
Diallyldimethylammonium Chloride Hydrogels. Gels 2022, 8, 100. [CrossRef] [PubMed]

Li, C.; Duan, L.; Cheng, X. Facile Method to Synthesize Fluorescent Chitosan Hydrogels for Selective Detection and Adsorption
of Hg?* /Hg*. Carbohydr. Polym. 2022, 288, 119417. [CrossRef]

Gulrez, H.S.K.; Al-Assaf, S.; Phillips, O.G. Hydrogels: Methods of Preparation, Characterisation and Applications. Prog. Mol.
Environ. Bioeng.-Anal. Model. Technol. Appl. 2011, 117150. [CrossRef]

Singhal, R.; Tomar, R.S.; Nagpal, A.K. Effect of Cross-Linker and Initiator Concentration on the Swelling Behaviour and Network
Parameters of Superabsorbent Hydrogels Based on Acrylamide and Acrylic Acid. Int. ]. Plast. Technol. 2009, 13, 22-37. [CrossRef]
Bhat, R.; Karim, A.A. Impact of Radiation Processing on Starch. Compr. Rev. Food Sci. Food Saf. 2009, 8, 44-58. [CrossRef]
Bhuyan, M.M.; Okabe, H.; Hidaka, Y.; Hara, K. Pectin-[(3-Acrylamidopropyl) Trimethylammonium Chloride-Co-Acrylic Acid]
Hydrogel Prepared by Gamma Radiation and Selectively Silver (Ag) Metal Adsorption. J. Appl. Polym. Sci. 2018, 135, 45906. [CrossRef]
Takahashi, S.; Okonogi, H.; Hagiwara, T.; Maekawa, Y. Preparation of Polymer Electrolyte Membranes Consisting of Alkyl
Sulfonic Acid for a Fuel Cell Using Radiation Grafting and Subsequent Substitution/Elimination Reactions. ]. Memb. Sci. 2008,
324,173-180. [CrossRef]

Haleem, A.; Chen, J.; Guo, X.X.; Hou, S.C.; Chen, 5.Q.; Siddiq, M.; He, W.D. Radiation-Induced Synthesis of Hydrophobic Cryogels
with Rapid and High Absorption of Organic Solvents and Oils. Microporous Mesoporous Mater. 2022, 330, 111486. [CrossRef]

Zheng, H.; Feng, L.; Gao, B.; Zhou, Y.; Zhang, S.; Xu, B. Effect of the Cationic Block Structure on the Characteristics of Sludge
Flocs Formed by Charge Neutralization and Patching. Materials 2017, 10, 487. [CrossRef]

Zan, X.; Kozlov, M.; McCarthy, T.J.; Su, Z. Covalently Attached, Silver-Doped Poly(Vinyl Alcohol) Hydrogel Films on Poly(l
-Lactic Acid). Biomacromolecules 2010, 11, 1082-1088. [CrossRef]

Jing, R,; Yanqun, Z.; Jiugiang, L.; Hongfei, H. Radiation Synthesis and Characteristic of IPN Hydrogels Composed of
Poly(Diallyldimethylammonium Chloride) and Kappa-Carrageenan. Radiat. Phys. Chem. 2001, 62, 277-281. [CrossRef]

Zahib, LR.; Md Tahir, P; Talib, M.; Mohamad, R.; Alias, A.H.; Lee, S.H. Effects of Degree of Substitution and Irradiation Doses on the
Properties of Hydrogel Prepared from Carboxymethyl-Sago Starch and Polyethylene Glycol. Carbohydr. Polym. 2021, 252, 117224.
[CrossRef]

Mohamad, N.; Buang, F; Mat Lazim, A.; Ahmad, N.; Martin, C.; Mohd Amin, M.C.I. Characterization and Biocompatibility
Evaluation of Bacterial Cellulose-Based Wound Dressing Hydrogel: Effect of Electron Beam Irradiation Doses and Concentration
of Acrylic Acid. |. Biomed. Mater. Res.-Part B Appl. Biomater. 2017, 105, 2553-2564. [CrossRef]

Ardeshiri, F.; Akbari, A.; Peyravi, M.; Jahanshahi, M. PDADMAC/PAA Semi-IPN Hydrogel-Coated PVDF Membrane for Robust
Anti-Wetting in Membrane Distillation. J. Ind. Eng. Chem. 2019, 74, 14-25. [CrossRef]

Yuan, Y.; Shen, C.; Chen, J.; Ren, X. Synthesis and Characterization of Cross-Linked Quaternized Chitosan/Poly (Diallyldimethy-
lammonium Chloride) Blend Anion-Exchange Membranes. Ionics 2018, 24, 1173-1180. [CrossRef]

Dashtimoghadam, E.; Salimi-Kenari, H.; Forooqi Motlaq, V.; Hasani-Sadrabadi, M.M.; Mirzadeh, H.; Zhu, K.; Knudsen, K.D.;
Nystrom, B. Synthesis and Temperature-Induced Self-Assembly of a Positively Charged Symmetrical Pentablock Terpolymer in
Aqueous Solutions. Eur. Polym. |. 2017, 97, 158-168. [CrossRef]


http://doi.org/10.1016/j.jiec.2020.05.001
http://doi.org/10.1155/2023/4717905
http://doi.org/10.3390/w14203313
http://doi.org/10.1007/s00289-022-04479-6
http://doi.org/10.1016/j.jenvman.2015.01.023
http://doi.org/10.1016/j.polymdegradstab.2020.109308
http://doi.org/10.1016/j.reactfunctpolym.2009.04.010
http://doi.org/10.1016/j.cej.2014.10.015
http://doi.org/10.1039/C5RA07076G
http://doi.org/10.3390/molecules25030526
http://www.ncbi.nlm.nih.gov/pubmed/31991802
http://doi.org/10.1016/j.reactfunctpolym.2022.105239
http://doi.org/10.3390/gels8020100
http://www.ncbi.nlm.nih.gov/pubmed/35200481
http://doi.org/10.1016/j.carbpol.2022.119417
http://doi.org/10.5772/24553
http://doi.org/10.1007/s12588-009-0004-4
http://doi.org/10.1111/j.1541-4337.2008.00066.x
http://doi.org/10.1002/app.45906
http://doi.org/10.1016/j.memsci.2008.07.012
http://doi.org/10.1016/j.micromeso.2021.111486
http://doi.org/10.3390/ma10050487
http://doi.org/10.1021/bm100048q
http://doi.org/10.1016/S0969-806X(01)00186-4
http://doi.org/10.1016/j.carbpol.2020.117224
http://doi.org/10.1002/jbm.b.33776
http://doi.org/10.1016/j.jiec.2019.01.035
http://doi.org/10.1007/s11581-017-2280-x
http://doi.org/10.1016/j.eurpolymj.2017.10.008

Gels 2023, 9,159 13 0f 13

39. Constantin, M.; Mihalcea, I.; Oanea, I.; Harabagiu, V.; Fundueanu, G. Studies on Graft Copolymerization of 3-Acrylamidopropyl
Trimethylammonium Chloride on Pullulan. Carbohydr. Polym. 2011, 84, 926-932. [CrossRef]

40. Abd El-Ghany, N.A.; Mahmoud, Z.M. Synthesis, Characterization and Swelling Behavior of High-Performance Antimicrobial
Amphoteric Hydrogels from Corn Starch. Polym. Bull. 2021, 78, 6161-6182. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.carbpol.2010.12.043
http://doi.org/10.1007/s00289-020-03417-8

	Introduction 
	Results and Discussion 
	Radiation Polymerization of DADMAC-AAc-APTAC 
	Effect of Radiation Dose on APTAC-AAc-DADMAC Gel Content 
	Effect of Radiation Dose on Equilibrium Swelling of Gels 
	Characterization of Hydrogel by FTIR Spectroscopy 
	X-ray Diffraction Analysis 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 
	Thermogravimetric Analysis (TGA) 
	Surface Analysis by SEM-EDS 

	Conclusions 
	Materials and Methods 
	Materials and Reagents 
	Apparatus and Instruments 
	Synthesis of DADMAC-AAc-APTAC Hydrogels by Gamma Radiation 
	Post-Synthesis Analysis 
	Extraction and Measurement of Gel Content 
	Measurement of Super-Absorbency at Equilibrium Swelling 


	References

